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STUDY OF THE APPLICATION OF AN IMPLICIT MODEL-FOLLOWING 


FLIGHT CONTROLLER TO LIFT-FAN VTOL AIRCRAFT 
Vernon K. Merrick 
Ames Research Center 


SUMMARY 


Past piloted simulations of lift-fan V/STOL transport aircraft employing 
response feedback flight controllers have demonstrated important limitations 
of this controller concept. The search for an improved type of flight con- 
troller has led to the state rate feedback implicit model- following (SRFIMF) 
concept presented here. This controller is relatively simple: it provides an 

input/output relationship approximately that of any selected second-order 
system; it provides good gust alleviation and cross-axis decoupling; and it is 
self- trimming. 

The SRFIMF flight controller was applied to all axes of a comprehensive 
mathematical model of a lift-fan V/STOL transport. Power management controls 
and pilot displays were designed to match the various modes of control pro- 
vided by the SRFIMF flight controller. A piloted simulation was performed 
using the Ames six-degree-of- freedom simulator. 

The overall fixed-operating-point handling qualities of the aircraft at a 
series of forward speeds from hover to 120 knots received pilot ratings vary- 
ing from 1 to 3-1/2, thus indicating generally satisfactory flight controller 
characteristics. 

Both straight and curved decelerating approaches to a vertical landing 
were tested in IFR zero-zero conditions. The pilot ratings varied from 2-1/2 
for a y - -3° straight approach in calm air, to 4 for an initial y = -9° 
curved approach with 15-knot sidewind, 1.52 m/sec (5 ft/sec) rms turbulence 
and an engine failure. The improved tracking precision and reduced pilot 
workload noted in these tests, relative to those noted in previous lift-fan 
V/STOL simulations, were due both to the use of the SRFIMF controller concept 
and to the high degree of integration of the flight controller, power manage- 
ment controls, and displays. 


INTRODUCTION 


From a handling qualities viewpoint, one of the most important and chal- 
lenging VTOL piloting tasks is that of flying a well-defined, curved, deceler- 
ating, IFR approach to a vertical landing. The problems associated with this 
task have been studied by the NASA in flight tests of the XV-5B (ref. 1) and, 
more recently, in piloted moving base simulations of a series of proposed 
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transport-type aircraft (refs. 2-10). In addition, the Navy has sponsored a 
stpdy of the problem using the X-22A aircraft in a series of flight tests 
which resulted in the first IFR approach and vertical landing for this class 
of aircraft (ref. 11). 

Because of the large powered-lift flight envelope of VTOL aircraft, the 
shape of the approach path and the variation of velocity along it need not be 
as rigidly specified as for CTOL aircraft. The type of approach selected can 
vary over a wide range to attain such operational objectives as noise and fuel 
reduction. However, this expanded operational flexibility is accompanied by 
some major piloting problems. To fly a well-defined VTOL approach, the pilot 
has to operate, continuously, two primary controls to produce the desired 
schedule of velocity and rate of descent. Even under ideal circumstances, the 
pilot workload is considerably greater than for the constant velocity and 
constant rate of descent approach typical of CTOL aircraft. 

Both the NASA simulations and the X-22A flight tests show that signifi- 
cant workload reductions are obtained if the pilot is provided with direct, 
uncoupled control of the horizontal and vertical motion of the aircraft, 
rather than the more conventional thrust magnitude and thrust vector angle. 

The NASA simulations demonstrated that a need to periodically retrim the pitch 
axis, during an approach, tended to break the pilot's concentration on the 
principal tracking task and to cause a disproportionately large increase in 
workload. Furthermore, it was repeatedly demonstrated that sidewinds and tur- 
bulence can cause both a large increase in the pilot's workload and a signif- 
icant degradation of his tracking performance. 

These results suggest that, because of the inherently high workload 
associated with the primary task, important benefits may accrue from decoupling 
all the pilot control modes and from relieving the pilot of all secondary 
control tasks. These features, along with the generation of satisfactory sta- 
bility and response characteristics, can be incorporated into the design of 
the flight controller. The general controller requirements are summarized as 
follows : 

• Input-output relationship has the type of dynamic characteristics 
favored by pilots. For most applications, these characteristics 
approximate a second-order system with appropriate frequency and 
damping. 

• Input-output relationship is insensitive to changes of airframe and 
propulsion characteristics. 

• In the steady state, the commanded variables are independent of the 
external disturbances (self-trimming) . 

• Inherently strong gust alleviation. 

• Inherently strong cross-axes decoupling. 
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The first requirement is largely the concern of existing VTOL fixed- 
operating-point handling qualities criteria (refs. 12 and 13). The remainirig 
requirements go beyond the conventional bounds of VTOL handling qualities 
criteria. However, their importance to the VTOL approach task has already 
been demonstrated and there is a need for appropriate quantitative criteria. 

In the absence of such criteria, a possible approach to the achievement of 
acceptable VTOL handling qualities is to adopt a flight controller concept 
that has all the required characteristics to a high degree and, indeed, to a 
much higher degree than the response feedback controllers used in previous 
NASA piloted VTOL simulations. This is the approach explored here. The con- 
troller concept adopted here gets its high performance by using state rate 
(acceleration) feedback and is a member of the general class of implicit 
model-following controllers. These general features have led to the name 
state rate feedback implicit model follower (SRFIMF) to identify the 
controller. 

This report first describes the controller concept in its simplest form, 
along with an heuristic argument suggesting a high performance. This intro- 
duction to the concept is followed by a more detailed, single-axis analysis of 
its application to the control of both position and velocity of a vehicle. 

The results of this analysis are compared with those obtained using a response 
feedback controller. It is then shown how the SRFIMF controller has been 
applied to all axes of one of the lift-fan VTOL transport models previously 
used in NASA piloted simulations. In addition, a pilot's master power manage- 
ment console, flight-director laws, and electronic display formats, designed 
to match the flight controller, are described. The entire system has been 
tested on a piloted six-degree-of-f reedom simulator to obtain preliminary 
performance data. This simulation is described and the principal results are 
discussed. 


PERFECT SRFIMF FLIGHT CONTROLLER 


Consider the flight controller configuration shown in figure 1. The 
variable to be controlled is x, and both x and its time derivative x are 
assumed to be measured and used in feedback loops to modify the command signal 
x c . The system element with the transfer function K X /(S + K x ) is used to pro- 
vide the desired closed-loop dynamic performance. The analysis of this system 
is particularly simple. Thus, at junction 1, 

V = w - sx ( 1 ) 

and at junction 3, 


w 


v - 


K x (x - x c ) 


s + K‘ 


x 


( 2 ) 
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Equations (1) and (2) when added give 


-sx 


K x (x - x c ) 

s + K‘ 
x 


0 


or 


( 3 ) 


(s 2 + K-s + K )x = K x 
x x x a 

Equation (3) describes the closed-loop dynamic behavior of the entire 
system, including the airframe. If K x and K' x are constant, the system is of 
second order and is independent of the airframe characteristics. The fre- 
quency and damping can be set to any desired values by choosing the appro- 
priate values for K x and Kfc. Since equation (3) is independent of external 
disturbances, the controller provides both self-trimming and perfect gust 
alleviation. Finally, each controlled variable of a multivariable controller 
of this type is governed by an equation similar to equation (3) . Such a 
multivariable system is therefore uncoupled. The type of controller shown in 
figure 1 apparently satisfies, perfectly, all the requirements set forth in 
the Introduction. 

The results of the analysis clearly run counter to basic engineering 
intuition and suggest that the perfect behavior of the controller must result 
from an unstated, unrealistic assumption. It is readily seen that the offend- 
ing assumption is that the signal paths between the system elements have no 
transmission lags. The assumption is realistic when applied to any closed 
path containing a system element whose dynamic response is slow compared to 
the signal transmission time between the system elements. However, in any 
closed path containing no system elements (such as loop 1234 in fig. 1) , the 
assumption is unrealistic since the response of this type of loop to an input 
is instantaneous. The instantaneous response of loop 1234 gives the controller 
its perfect performance, but also makes it physically unrealizable. 

The significance of the controller shown in figure 1 is that it repre- 
sents the limiting case of a class of realizable controllers whose performance 
resembles that of the unrealizable controller. The response of these con- 
trollers approximates that of any selected second-order system and this, plus 
the incorporation of state rate ( x ) feedback, provides the rationale for the 
name "state rate feedback implicit model follower (SRFIMF)." 


REALIZABLE SRFIMF FLIGHT CONTROLLERS 


To make the controller configuration shown in figure 1 realizable, in the 
sense that analysis using the standard assumptions of control-system theory 
does not predict a performance that is physically impossible, it is clear from 
the previous discussion that loop 1234 must be modified. However, any modifi- 
cation that produces realizability also brings with it more analytical com- 
plexity and reduced generality. Thus, it becomes desirable, from both 
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conceptual and analytical viewpoints, to identify two types of SRFIMF con- 
trollers according to whether the controlled variable is either an aircraft 
position or velocity. The configurations of these two types of controllers 
are shown in figures 2 and 3. In figures 2 and 3, the modification adopted 
to produce realizability involves the addition of an element with a transfer 
function A(s ) in path 41. With this modification of loop 1234, additional 
control over the dynamic behavior of the system is obtained by introducing a 
controller coupling gain K (figs. 2 and 3). 


The remainder of, this section describes a rational procedure for select- 
ing an appropriate -4(s). It is assumed, from the outset, that A(s) can be 
expressed as a rational algebraic function; thus 


A(s) 


V s > 

V S) 


(4) 


where d^(s) and Aj^(s) are polynomials in s of degree m and n, respectively. 

If the systems shown in either figure 2 or 3 are to be realizable, then 
4(s) must be such that m < n. The validity of this statement can be seen by 
considering the case where 7l(s) is such that m = n. It is then possible to 
write d(s) as a constant plus another rational algebraic function. The pres- 
ence of the constant term makes a component of the response of loop 1234, due 
to an input, instantaneous. It follows that the system is unrealizable. 


Position Controller 

Consider now the position controller configuration shown in figure 2. At 
junction 1, 

y(s) = <4(s)w(s) - x(s ) (5) 

and at junction 3, 

w(s) = vis ) - K^x(s) + K x [x c (s) - x(s)] (6) 

By adding equations (5) and (6) , v(s ) is eliminated to produce 

[1 - i4(s)]w(s) = -(s 2 + K-s + K )x(s) + K x (s) (7) 

X «Jj 00 G 

where it has been assumed that the initial conditions are zero. 

Since, from figure 2, 

£(s) = Kw(s) 

equation (7) becomes 
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( 8 ) 


^ ~ v (s) k(g) = -(s 2 + £.s + if )x(s) + Zi (s) 
a J ar ic x a 

Equation (8) is the controller equation. This equation does not contain any 
terms that explicitly relate to either the airframe or the disturbances acting 
on it. The quantities if, K x , K x , and the transfer function A(s) are all 
available to the designer. 

Before further progress in the analysis is possible, it is necessary to 
make some assumptions about the form of the equations that describe the air- 
frame. This task is easier if approached with the following line of reason- 
ing. If the realizable controller is to be successful, then it must meet the 
performance requirements given in the Introduction. Since the unrealizable 
limit of this class of controllers satisfies the requirements perfectly, it 
provides a large measure of confidence that the realizable controller will 
also satisfy the requirements. Since the performance of the unrealizable con- 
troller is independent of the airframe, it is highly probable that the realiz- 
able controller performance will not be strongly influenced by the form of the 
airframe equations. It follows that at least the major features of the realiz- 
able controller performance should be revealed even if the aircraft equations 
are assumed to be of the simplest reasonable form; furthermore, these features 
should be retained even if the true airframe equations depart markedly from 
the assumed form. The assumptions leading to a particularly simple form for 
the airframe equations are 

• The equations are linear. 

• The airframe transfer function can be approximated by the product of 
two transfer functions, one of which represents the high-frequency 
control actuation dynamics and the other the low-frequency rigid-body 
dynamics. 

• The low-frequency rigid-body dynamics can be approximated by a single 
mode corresponding to each of the controlled variables. All modal 
coupling is therefore assumed to be rendered negligible by the 
controller. 

• The coupling between the basic airframe controls (force and moment 
producers) is sufficiently small to be rendered negligible by the 
controller. 

The direct implication of these assumptions is that the total aircraft system 
can be represented by a set of uncoupled, single-input, single-output con- 
trollers. It is essential, of course, that the controller design approached 
in this simplified way be checked by a more comprehensive analysis or by 
simulation. 

The airframe equation of motion for a single variable x(s) can now be 
expressed as 



x(s) = I(s)i(s ) + D(s)d(s ) 


( 9 ) 



with 


I(s) = H(s)G(s ) 


( 10 ) 


where 


I (s) 


airframe transfer function between controller input i(s ) and 
controlled variable x(s ) 


H(s ) 


Vfl 

V a) 


G(S) 

D(s) 


control actuation transfer function normalized so that 
Hfl(s) = Hp(s) = 1 when S = 0 

rigid-body transfer function 

transfer function between disturbance d(s ) and controlled 
variable x(s) 


For the position controller, the principal rigid-body mode transfer function 
is of the form 


G(S ) = ^2 (11) 

s z + bs + c 

where c pg is the control power gradient. 

Combining equations (8) , (9) , (10) , and (11) gives the following equation 
governing the controlled variable x(s) : 


1 - 


V s > 

a d ( ' s) j 


VS) ,2 


s l + bs + c 


H n (s) 


KC. 


[ x(s ) - D(s)d(s )] 


pg 


~(s 2 + K.s + K )x(s) + K x (s) 
x x x a 

( 12 ) 


Since Afl(s) and Ajj{s) are subject only to restrictions on their relative 
degree, they may be chosen to satisfy: 


A d (s) = H d (s) 


(13) 


1 - 


V s > 

V s) 


Vfl 
h n («) 


= Sc/ (s ) 


(14) 


where the polynomial </(s) is open to selection. The restrictions on the 
selection of J (s) , necessary to ensure the correct relative degree of A^(s) 
and Ap(s ) , is established later. 
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Equation (14) can be used to simplify equation (12) : 


3 o S 


kC. 


IT (s + p r ) (s 2 + bs + e) [x(s) - D(s)d(s)] = -(s' 


pg r=i 


+ K'S+K )x(s)+K x (s) 
XX X c 


( 15 ) 


where J (s) is assumed to be of the form 3o + where p p , r = 1,2, ... ,1 

and j 0 are all real and, when 1=0, (s + p^) = 1 by definition. 

If d(s ) and x G (s ) are both step functions at t = 0, then multiplying each 
side of equation (15) by s and applying the final value theorem shows that 


Lt x(t) = x (0 + ) (16) 

£-*x> 


Equation (16) shows that, in the steady state, the controlled variable 
x(s ) is equal to the commanded value x <3 (0 + ) even in the presence of a steady 
disturbance d(0 + ) . Therefore, the system is self-trimming (type 1 servo), a 
fact that provides the rationale for selecting equation (14) to define d(s). 

Combining equations (13) and (14) gives the following expression for 

Apj(s) : 


A n (s) = H d (s ) - sJ(s)H n (s ) 


(17) 


Let the degrees of A^(s) , J(s) , Hpis) , and Hjy(s) be m, Z, n, and k, respec- 
tively. The degree of sJ is Z + k + 1; J (s) may be chosen so that 

l + k + 1 = n (18) 


and 
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(19) 


where h-p _ and are the coefficients of the highest power of s in Hp(s) and 

H[j(s) , respectively. Conditions (18) and (19) simply ensure that the coeffi- 
cient of S n on the right-hand side of equation (17) is identically zero. Thus 
m, the degree of Ap(s) , is equal to or less than n - 1, thereby satisfying the 
relative degree of Apj(s) and Ajj{s) required for the system to be realizable 
(m < ri) . 

It follows from equations (18) and (19) that a suitable rational poly- 
nomial </(s) is obtained if its degree, Z, is equal to n-k-1 and its leading 
coefficient j Q is equal to hp /hjj . The value of p r , v = 1,2 ,..., Z may be 
selected arbitrarily. The transfer function A{s) can be determined, as a 
rational polynomial, from the expression: 

sH (s) l 

4(8) " 1 ' “iysT J 'o rSl (e + P r ) < 2 « 
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Velocity Controller 


Consider now the velocity controller configuration shown in figure 3. 

The steps taken to obtain equation (8) yield the following analogous equation 
for the velocity controller: 



-(s 2 + K..s + K-)x(s ) + K m x (s) 
xx x o 


s + K ■■ 
x 


( 21 ) 


The airframe equation of motion for the single variable x(s) has the 

form: 


x(s ) = I(s)-i(s ) + D(s)d(s) 


( 22 ) 


with 


I (s') = H(s)G(s) 


(23) 


For the velocity controller, the principal rigid-body mode transfer 
function is of the form: 


G(s) 



s + e 


(24) 


The equation governing 
controller, is 


£(s) , 


analogous to equation (12) for the position 



V s > 


V s > 


V«> a + l 

V s) KC pg 


tx(s) - D(s)d(s )] 


-(s 2 + K-s + K’)x(s) + K'X (s) 
x x_ x a 

s + K“ 
x 


(25) 


If 

defined 


equation (25) is multiplied by s + and quantities b and a are 
by 


b 


A 


K- 


x 


+ e 


(26) 



(' 27 ) 


then equation (25) has a form identical with equation (12). It follows that 
the procedure for selecting 4(s) for the velocity controller is identical to 
that for the position controller. Furthermore, the dynamic behavior of the 
velocity-controlled system is governed by equation (15) with x(s) and x Q (s) 
replaced by x(s) and x a (s ) . 
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A Key SRFIMF Controller Example 
Consider a control actuation transfer function of the form: 


H(s ) 


1 

H d (s) ts + 1 


( 28 ) 


This simple lag function provides a reasonably accurate description of the 
dynamic characteristics of many control actuation devices. An example using 
this lag function reveals the essential behavior of the SRFIMF controller in 
the simplest way. 

From equation (28), 




n - 1 
k = 0 


Therefore, from equations (18) and (19), 

Z = 0 


J = T 


and, from equation (20), noting that ri (s + p^) = 1, 


A(s) = 1 - 


ST _ 1 

TS + 1 TS + 1 


(29) 


(30) 


Substituting the values for Z and j 0 from equations (29) into equa- 
tion (15) gives the following characteristic stability polynomial in root 
locus form: 


K dt (s 2 + K.s + K ) 
.. RL v x zy_ 

1 ' s (s 2 + bs + c) 


= 0 


where the root locus gain, K^, is given by 


Kn 


K 


pg 


RL 


(31) 


(32) 


■ 
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Three distinct types of root loci correspond to equation (31) (shown in 
fig. 4) . The zeros shown in figure 4 represent the selected (model) stability 
desired for the system, namely, second order with a damping factor of 0.75. 

The different types of root loci occur because the denominator polynomial 
(s 2 + bs + c) , corresponding to the stability of the rigid-body mode, may have 
either conjugate complex or real roots. If the roots are conjugate complex, 
the root loci is of the type shown in figure 4(a); if the roots are real, the 
root loci may be of the type shown in either figure 4(b) or 4(c). The root 
locus for the position-controlled system may be any of the types shown in 
figure 4,. whereas the root locus for the velocity-controlled system can be 
only of the type shown in figure 4(c) . The restriction on the form of the 
root locus for the velocity-controlled system occurs because, in this case, 
s z + bs + o = (s + Kg) (s + e) and, since Kg is always selected to be positive, 
one of the poles must always be located on the negative real axis (fig. 4(c)). 

The important point to note about figure 4 is that, as gain K RR is 
increased, two of the roots tend toward the desired values (model) and the 
third root moves out along the negative real axis. Thus, when K is suffi- 
ciently large, 

s(s 2 + bs + a) + K m (s 2 + K.s + K ) « (s 2 + K.s + K ) (s + f) (33) 

riLi XX xx 

Also, it follows from equation (33) that 

f - K rl as K rl - - (34) 


Using equation (33) in conjunction with equation (15) and assuming 
d(s ) = 0 gives the following expression for the response of the position- 
controlled vehicle due to an input x c (s): 


K n ,K x (s) 

EL x a 

(s + f) (s 2 + K. x s + FT 


where it is assumed that K RR is sufficiently large for equation (33) to be 
valid. The response of the velocity-controlled vehicle due to an input is 
identical in form to equation (35). Equation (35) shows that the response of 
the realizable SRFIMF controller is that of an ideal SRFIMF controller whose 
input is prefiltered with the simple lag function K RR / (s + f) . Clearly, if 
f is large, the effect of this lag on the response of the controller will be 
small. In applications to aircraft control, it is desirable to make f higher 
than the effective frequency cutoff for pilot inputs. It can be seen, from 
the limit relationship (34), that when K RL becomes infinite the lag function 
K rl Ks + f) can be replaced by unity, and the response to inputs becomes 
identical to that of the ideal controller. However, as before, the system is 
then unrealizable. 


To obtain some idea of the response of the system to external distur- 
bances, the frequency response of acceleration due to external forces or 
moments is required. If d(s ) is a force or moment on the vehicle, expressed 
as an acceleration, then 
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(36) 


D(s) 


g(e) 



Consider first the position-controlled vehicle (fig. 2) . Substituting equa- 
tion (29) into (15), using equations (11) and (36) for D(s ) , and assuming 
x c (s) = 0 yields 

[s(s 2 + bs + a) + + K-s + K^)]x(s) = sd(s) (37) 


or 


x(s) s 3 

d(s) ~ s(s 2 + bs + c) + K nr (s 2 + K.s + K ) 

RL x x 


(38) 


Substituting equation (33) into (38) and arranging the result in Bode form 
gives 


x(iw) 

d.(iw) 


(iw) 


K • 


V 1 + 


x 


K 


zw 


X 




(39) 


In subsequent applications of the SRPIMF controller to VTOL aircraft, the 
position controller is used largely for attitude control. Published data on 
attitude control handling qualities criteria (ref. 14) indicate that pre- 
ferred values of K' x and K x are 3 and 4, respectively. These values are 
equivalent to an undamped frequency of 2 rad/sec and a damping factor of 0.75. 
The asymptotic Bode plot of equation (39), using these values of K x and K x , 
is shown in figure 5 for various values of f. Figure 5 shows that the con- 
troller attenuates the response of the vehicle to external disturbances for 
all disturbance frequencies, although the attenuation becomes negligibly small 
for frequencies greater than f. Below a frequency of f/2, the amplitude ratio 
is always less than 0.5; below a frequency of about 1 rad/sec, the amplitude 
ratio is insignificant for all practical purposes. The important point to 
note here is the powerful effect of f (position of the pole on the real axis 
in fig. 4) in determining the response of the system to external disturbances. 


If the analysis that yielded equation (39) is repeated for the velocity 
controller, the corresponding result is 


x{iw ) 
d(iw ) 


K- (iw) 2 

X 


/ 

w + £ iw 

\ X 



(40) 


In subsequent applications, the velocity controller is used largely for 
flight-path control. Unfortunately, there is very little data available from 
which to obtain flight-path-control handling-qualities criteria for VTOL 
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aircraft. However, an undamped natural frequency of 1.25 rad/sec and a damp- 
ing factor of 0.75 appear to be reasonable, as verified by simulation results 
described later. The values of Kg and Kg corresponding to this frequency and 
damping are 1.76 and 1.57, respectively. The asymptotic Bode plot of equa- 
tion (40), for these values of Kg and Kg, is shown in figure 6. Figures 5 
and 6 are identical for frequencies above 2 rad/sec. Below 2 rad/sec, the 
velocity controller does not provide as much attenuation as the position con- 
troller, but is nevertheless still effective. 

Note that if increases, so does f and, as shown in figures 5 and 6, 

the vehicle response to external disturbances decreases. In the limit when 
Kffgj is infinite, f is also infinite and, as for the perfect SRFIMF controller, 
the vehicle does not respond to external disturbances. However, when this 
point is reached, the controller again becomes unrealizable. 


Comparison of SRFIMF and Response Feedback Controllers 


The type of response feedback attitude (position) controller used in the 
previous lift-fan V/STOL simulations (refs. 2, 4, and 7) is shown in figure 7. 
The corresponding controller equation is 


i(s) 





F(s) + k x x c 


(s) 


(41) 


Combining equations (9), (10), (11), (28), (36), and (41) gives the fol- 
lowing equation that describes the dynamics of the controlled vehicle: 


(xs + 1) (s 2 


+ bs + o) + C k* 
pg x 



x(s) 


= Ckx(s) + (is + l)d(s) 

jJCj *0 C 


(42) 


If d(s) and x a (s ) are both step functions at t = 0, then multiplying each 
side of equation (42) by S and applying the final value theorem shows that 


Lt x(t) 


y/ e < o+) + d(o+ > 


o + C k 
pg x 


(43) 


Equation (43) shows that this type of response feedback controller is not 
self-trimming (eq. (43) may be compared with eq. (16) for the SRFIMF con- 
troller). In other words, the system is a type 0 servo. 


The characteristic 
expressed in root locus 


stability polynomial corresponding to equation 
form, is 


(42), 


1 + 


( 8 


RL 


Is + 


x 

k- 

X , 


H )(s 2 + bs + o) 


5 


(44) 


0 


13 



where the root locus gain, k^, is given by 


k 


RL 


CL 

x pg 


(45) 


Equations (44) and (45) are comparable with equations (31) and (32) for 
the SRFIMF controller. 


Typical root loci for the response feedback controlled vehicle are shown 
in figure 8. These loci are comparable with those shown in figures 4(a) 
and 4(b) for the SRFIMF-controlled vehicle. Unlike the SRFIMF controller root 
loci, those for the response feedback controller have a pole that depends 
explicitly on the time constant, t, of the control actuator. To find the 
values of k x and k% that give a reasonably good approximation to the desired 
second-order stability characteristic (defined by the selected values of K%. 
and K x ) , it is assumed that the form of the stability polynomial is 

(s 2 + K- x s + K x ) (s + f) = 0 (46) 

Equating coefficients of equations (44) and (46) yields the following 
equations for the real root f, the root locus gain, k^, and the feedback gain 
ratio, k x /k$., corresponding to given values of K x and Kfc : 


f 

= \ + b - K- 

T X 

(47) 

k RL 

= K'f + K - - - a 

X J XX 

(48) 

k 

X 

K ' x f - oh 

(49) 

k. 

X 

k RL 


Thus, with figure 8(a) as an example, as the root locus gain, k^, is 
increased from zero, one branch of the locus starts at the poles given by 
s 2 + bs + a = 0 and passes through the roots of s 2 + K$.s + K x = 0 when 
kfti = 30.75. This value of k ^ is given by equation (48), using values of 
K x and of 4 and 3, respectively. The other branch of the locus starts at 
the pole given by s + (1/t), and moves toward the zero given by s + (J<x/k x ) , 
where, from equation (49), k x /k£ = 0.37. At k^ = 30.75, the value of the 
real root, f, is 6 (eq. (47)). 

It can be seen by comparison of figures 4 and 8 that the root loci for 
the SRFIMF- and response-feedback-controlled vehicles differ considerably. 

With the SRFIMF-controlled vehicle, provided the real root f is greater than 
K x , the dominant roots establishing the vehicle stability are given, approxi- 
mately, by s 2 4- KfcS + K x = 0. Therefore, if the gain is set, initially, so 
that f is large compared with Ufa, then the SRFIMF-controlled vehicle stability 
is relatively insensitive to variations in the fundamental airframe parameters 
t, C , b, and a, since such variations primarily influence the value of f. 
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Examples of the root loci of the response-feedback-controlled vehicle shown in 
figure 8 demonstrate that variations in C pg, b, and a can cause significant 
changes in all the roots and can therefore significantly change the stability 
characteristics of the vehicle. In addition, figure 9 shows that the value of 
f at the design point can be quite small, particularly if the control actua- 
tion time constant t is large. Thus, for example, when x = 0.25 (fig. 9(c)), 
f = 1 , which is considerably less than the value of 4 selected for Kg.. More- 
over, equation (47) shows that if (1/x) + b < K^, then f < 0, the vehicle is 
unstable and the particular type of response-feedback controller considered 
here is unworkable. 


It follows from equations (42) and (46) that, at the design point, the 
response x(s ) of the response-feedback-controlled vehicle to an input x 0 (s) is 


x(s) 


(s +/) (s 2 + K^s + K x ) 


(50) 


where it is assumed that d(s ) = 0. Equation (50) is similar in form to equa- 
tion (35) for the SRFIMF controller. The main difference between the perfor- 
mance of the two types of controller, in this instance, is in the magnitude of 
f at the design point. For example, figure 9(c) shows a value of 1 for the 
response- feedback-controlled vehicle, whereas the value of f for an SRFIMF- 
controlled vehicle is theoretically unlimited. However, in practice, other 
considerations will limit the value of f to about 10 for the SRFIMF-controlled 
vehicle. Therefore, the effective prefilter time constant for the response 
feedback controller can be as much as an order of magnitude higher than for 
the SRFIMF controller and this can cause the response to differ significantly 
from the desired second-order system response characteristic. 

At the design point, equations (42) and (46) show that the frequency 
response of vehicle accelerations due to external forces or moments of the 
response-feedback-controlled vehicle is given by 

x(iw) _ 1 (1 + xiw) / . i \ 

d{iw) xKf [1 + OC'/KHw - w z /K ](1 + iw/f) ' 

•Xj tXj 

Figure 10 shows the amplitude response, given by equation (51), for 
the three cases shown in figure 9. Figure 10 also shows comparable results 
for the SRFIMF-controlled vehicle obtained using equation (39) . It can be 
seen that the SRFIMF controller attenuates the effects of external distur- 
bances much more than does the response feedback controller. Indeed, over a 
range of frequencies, the response-feedback controller amplifies the effect of 
the external disturbances. The principal reason for the better performance of 
the SRFIMF controller is because of its much smaller Bode gain. The ratio of 
the Bode gains of the SRFIMF and response-feedback controllers is xfpp/ f SRFIMF > 
where fpp and fpppxpip are the values of f for the two controllers. Typically, 
this Bode gain ratio lies between 0.01 and 0.1, which is equivalent to a dB 
difference between -20 and -40. 
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LIMITATIONS AND PROBLEMS OF THE SRFIMF FLIGHT CONTROLLER 


It is important to examine, at least qualitatively, the effect of control 
actuation dynamics of higher order than the simple lag used in the previous 
example. Higher-order control actuation dynamics are common in certain types 
of VTOL aircraft, especially those that rely on engine and fan speed changes 
to produce the control forces and moments. 


The general characteristic equation for an SRFIMF-controlled vehicle 
follows from equation (15) ; thus 


(s 2 + tf.s + K ) 

1 + ^ ^ = 0 

l 

(s + P p ) (s 2 + bs + a) 


(52) 


where 


KC. 


K RL = 


pg 


(53) 


Since the parameters p p , v = 1,2 ,...,£ are arbitrary, they can be given 
large, real, positive values, thus producing a series of poles distributed 
along real-negative axes of the s plane. Although, within the framework of 
the present theory, the values of p p , v = 1,2,...,Z can be made indefinitely 
large, in practice the corresponding transfer function A (s') becomes progres- 
sively more difficult to produce. The difficulty of producing the desired 
A(s ) becomes particularly acute if the flight controller computer is digital 
since, generally, the larger the values of p p the smaller the cycle time must 
be to provide an adequate representation of A(s ). This same problem is evi- 
dent in the digital simulation of an SRFIMF-controlled vehicle. A rough, but 
useful, criterion here is that, if ri is the cycle time of the computer, then 
to maintain an adequate representation of the continuous SRFIMF controller, 

I (Pn)mav D | < 0.5. Thus, for example, if the cycle time is 25 msec, then 
i (Pp)max| should be less than 20. 

If the SRFIMF controller is mechanized using analog techniques, then it 
is likely that the values of p T , v = 1,2, ... ,Z can be set to higher values. 
However, again some physical limit to the magnitude of (p r ) m ax will exist, 
possibly because of the excitation of some high-frequency structural mode of 
the vehicle. 

For second-order control actuation, where 1 = 1, typical root loci for 
b = c = 0 are shown in figure 11. It is evident that there can be two types 
of root locus depending on the value of Pj. Note that, as the gain is 
increased, one oscillatory mode approaches the desired mode given by 
s 2 + K%s + K x = 0, while another oscillatory mode of progressively increasing 
frequency also eventually occurs. If the damping factor of this second oscil- 
latory mode becomes small, its effect will become evident in the step response 
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of the overall system. Thus, unlike the previous example with its assumed 
first-order control actuation dynamics, it is not possible to obtain an 
increasingly better performance with increasing gain. To improve the perfor- 
mance of the systems shown in figure 11 beyond that correspc utiing to a certain 
limiting value of the gain, the value of Pj must first be increased. But, as 
noted earlier, there is a limit to the maximum value of pj depending on other 
considerations. It is clear therefore that, as with other linear controllers, 
the SRFIMF controller has well-defined performance limitations. Furthermore, 
as the order of the control actuation dynamics increases, the problems pre- 
viously noted become progressively more serious and the maximum performance 
progressively degraded. 

The SRFIMF controller described thus far can cause some piloting problems 
in the event of saturation of the control forces or moments. Consider, for 
example, the case in which a value of x Q (s) (fig. 2) is commanded which causes 
the control to saturate. The value of the acceleration, x(s ) , will then fall 
to a relatively small value, but an error will exist, generally between x Q (s) 
and x(s ) . Since the controller is self-trimming, the loop 1234 in figure 2 
will behave like an integrator. Any error of constant sign between x e (s) and 
x(s) will cause the signal w(s ) to increase without bound. If, after a period 
of time during which the control is saturated, the input command x c (s ) is 
reversed, it will take some time before the integrating function of loop 1234 
reduces w(s ) to a value such that the control becomes unsaturated. This kind 
of behavior will appear to a pilot as an undesirable lag in the response of 
the vehicle to his control input. 

A solution to this problem is to place a signal limiter in loop 1234, as 
shown in figure 12. The limits are set to the values of i{s)/K that cause 
steady-state control saturation. 

Finally, a possible difficulty with the implementation of SRFIMF con- 
trollers may be caused by noise in the acceleration sensor output used in one 
of the feedback loops. This question must be examined in detail both 
theoretically and in practice. 


SIMULATION MODEL OF LIFT-FAN VTOL TRANSPORT 


General Description of Aircraft 

The simulated aircraft (fig. 13) is a conceptual modification of a 
DC-9-10. The wings are reduced in span, a lift fan is added to each wing tip, 
two lift fans are submerged in the forward fuselage, and the original turbofan 
engines, located on the aft fuselage, are replaced by two lift/cruise fans. 

The fans are interconnected with ducting to permit gas energy transfer between 
pairs of fans (fig. 13) both for control and to prevent large unbalanced 
forces if an engine fails. In the powered-lift flight regime, change of for- 
ward speed, at a constant pitch angle, is achieved by forward and aft deflec- 
tion of the thrust vectors of all six fans. Lateral translation, at a con- 
stant bank angle, is achieved by lateral deflection of the thrust vectors of 
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all six fans. Pitch and roll control at low speeds is achieved by differen- 
tial fan thrust modulation using hot gas "energy transfer and control" (ETaC) 
(ref. 15). Yaw control at low speeds is achieved by differential lateral 
deflection of the thrust vector of the forward and aft fans. The low-speed 
control system is coupled in parallel with the conventional flight-control 
surfaces of the aircraft. The latter are the same as for the unmodified 
DC-9-10, except that the ailerons are assumed to be removed and roll control 
is obtained exclusively through wing spoilers. 

Originally, this V/STOL transport was assumed to be equipped with a 
response-feedback controller and was simulated on the Ames six-degree-of- 
freedom simulator (S.01) and on the Ames Flight Simulator for Advanced Air- 
craft (FSAA) . The results of these simulations are given in references 5, 6, 
and 8. For the simulation described here, the response-feedback controller 
is replaced by an SRFIMF flight controller. This controller concept is 
applied to all axes of the aircraft. The basic philosophy adopted in the 
design of the flight controller is that the pitch attitude and the horizontal 
and vertical translation modes should be uncoupled. This decision reflects 
the opinion of pilots who participated in a previous lift-fan V/STOL transport 
simulation (ref. 8) . With the adoption of this design philosophy, it becomes 
convenient to divide the controller into two parts: an attitude flight con- 
troller (fig. 14) and a flight-path flight controller (fig. 15). It is assumed 
that the controller operates in parallel with a "straight-through" system that 
connects the pilot controls directly to the force- and moment-producing devices 
on the aircraft. It is further assumed that the controller is a duplex system 
and has full control authority. If the flight controller in a given axis 
fails, it is assumed that its output is automatically disconnected from the 
straight-through system. The pilot then continues to control the axis that 
contains the failed controller with the straight-through system. It follows 
that single-channel flight controller failures are passive. 

Figures 14 and 15 provide a complete flow diagram of the simulation model 
of the aircraft. A complete description of the mathematical models used to 
simulate the various components shown in figures 14 and 15 is gi’-en in 
appendices A to D. Appendix A gives the numerical values of the flight con- 
troller parameters shown in figures 14 and 15 and gives the mathematical 
models used to simulate the various actuators in the control system. The 
engine and fan simulation models, including the failure logic, are described 
in appendix B, while the total forces and moments on the aircraft due to the 
propulsion system are calculated from equations given in appendix C. Appen- 
dix D contains the equations, coefficients, and stability derivatives required 
to compute the aerodynamic forces and moments acting on the aircraft. Since 
the investigation is restricted to powered- lift flight (0-120 knot), the aero- 
dynamic data in appendix D are given for a constant wing flap angle of 50°. 

The kinematic equations, equation of motion, atmospheric turbulence model, and 
landing gear equations are the standard ones used for flight simulation at 
Ames Research Center (ref. 16). 

The principal weight, inertia, and dimensional characteristics of the 
aircraft are given in table 1. 
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Pilot Controls 


The pilot controls consist of an articulated stick (smaller moment arm 
for roll than for pitch), conventional rudder pedals, and a three-lever master 
power management console. The control stick and rudder pedal displacements 
and forces are given in tables 2 and 3. 

The two types of master power management controls tested are shown in 
figures 16 to 20. Normally, with the flight-path flight controller in opera- 
tion, the pilot controls the aircraft's longitudinal velocity (or longitudinal 
acceleration) and vertical velocity with the velocity command (VC) lever. The 
power (P) lever and the transition (T) lever are driven by servomotors so 
that, in normal operation, their positions always correspond closely to the 
power and thrust vector angle commanded by the flight-path flight controller. 
The servomotors drive the P and T levers through electric clutches at rates 
up to 50°/sec. 

If the flight-path controller fails, the servomotors are automatically 
stopped the VC lever electrically disconnected from the flight-path flight 
controller. The pilot then pushes the VC lever forward through a spring- 
loaded stop (and switch) at the end of its active travel farthest awas from 
the pilot (fig. 16). This action moves the VC lever out of the way of the 
pilot and causes the electric clutches, in both the P and T lever servodrives , 
to disengage. The pilot can then resume flight-path control by operating the 
P and T levers manually. 

A thumb control on the right side of the P lever (figs. 16 and 17) acti- 
vates the clutch on the T lever and drives the T lever at a rate proportional 
to thumb pressure. The maximum T lever angular rate, when operated by the P 
lever thumb control, is 20° /sec. This thumb control effectively enables both 
engine power and thrust-vector angle to be controlled from a single lever. 

The other thumb control located on top of the P lever (figs. 16 and 17) is a 
two-axis proportional force transducer used by the pilot to command vernier 
thrust forces (through thrust deflection) in the horizontal plane. Both 
thumb controls on the P lever are available to the pilot only when the flight- 
path flight controller is not operating. 

There are two types of VC lever. The MK1 VC lever is shown in fig- 
ures 16, 17, and 18, and the MK2 VC lever in figures 19 and 20. The MK1 VC 
lever is a two— axis linear motion device. A detent is located at the midpoint 
of the vertical travel and corresponds to zero vertical velocity. A detent is 
also located on the horizontal travel, but this has two alternate, selectable, 
positions corresponding to the zeros of the two selectable horizontal (longi- 
tudinal) controller modes: namely, horizontal velocity command and horizontal 

acceleration command. To provide the pilot with tactile indication of the 
vertical position of the MK1 lever, three protrusions are provided on the 
handle (figs. 16 and 18). As the lever is moved vertically, the location of 
one of the protrusions relative to the other two changes, and this change is 
sensed through the palm of the pilot's hand. When all the protrusions are in 
line, the lever is in the vertical detent. 

The MK2 VC lever (figs. 19 and 20) is of the quadrant type and resembles 
the P lever. However, unlike the P lever, the thumb-operated control on the 
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top left of the handle is a small, nonself-centering wheel potentiometer 
(figs. 19 and 20). The potentiometer has a travel of ±70°, a detent at zero, 
and a small protrusion on the rim at the center of its travel. The protrusion 
provides the pilot with a tactile indication of the wheel rotation relative to 
zero (detent). The lever has a detent at its midtravel point. Lever dis- 
placement is used to command the vertical velocity and the thumb wheel is used 
to command either of the alternate horizontal (longitudinal) control modes. 

The angular travel of the MK2 VC lever is the same as that of the P lever and 
has the same type of spring-loaded stop and inactive region as for the 
MK1 VC lever. 

On top of both types of VC levers is a thumb-operated, two-axis propor- 
tional force transducer similar to that on the P lever. This thumb control 
permits the pilot to command vernier translational velocities in the horizontal 
plane and is used to precisely position the aircraft over the required touch- 
down point. The location of the power management console relative to the con- 
trol stick and pilot seat is shown in figure 17. 

Flight Controller 

The flight controller is designed to provide the pilot with the control 
modes shown in table 4. Most of these control modes were tested in previous 
lift-fan V/STOL transport simulations and were found to be satisfactory for 
most tasks. The alternate control modes shown in table 4 for roll in the 
0-20-knot speed range, yaw in the 30-120-knot speed range, and longitudinal 
axis in the 0-120-knot speed range are included because they hold promise of 
providing more desirable handling qualities for some tasks. Also, a vernier 
horizontal velocity command mode (in both horizontal axes) , using thrust 
deflection, is included in the SRFIMF controller design in the hope that it 
will provide the pilot with a control mode more suitable for precise station 
keeping in hover. 

The pilot commands to the attitude flight controller are through a con- 
ventional stick and pedals. The stick inputs into the pitch, roll, and yaw 
channels are denoted by 6 r , & T , and & T (fig- 14). The output from the 

e - t «j) 2 ip 

pitch controller, ip, passes to the elevator and tailplane actuators and to 
the energy transfer and control (ETaC) valve and thrust spoiler actuators of 
the forward and aft fuselage-mounted fans. Whereas in the previous simula- 
tions (refs. 5, 6, and 8) the tailplane was operated separately from the ele- 
vator and was used for trim only, in the present arrangement the elevator and 
tailplane are operated together, with the signal to the tailplane passing 
first through a low-pass filter and deadband (see fig. 54 in appendix A). 

Thus, the tailplane does not respond to the high-frequency components in the 
pitch controller signal and acts in a "pitch trim follow-up" mode to ensure 
that full elevator power is always available. Pitch trim in the present 
arrangement is achieved by biasing the input signal to the pitch controller at 
a constant rate equivalent to 4° of pitch per second. 

The output of the roll controller, i T , passes to the wing spoiler 
actuators and to the ETaC valve and thrust spoiler actuators of the wing-tip 
fans. The wing spoilers are assumed to be operated through a cam system 
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designed to "linearize" the spoiler rolling moment /deflection characteristic 
(see fig. 51, appendix A) . 

The output of the yaw controller, iy , passes to the rudder actuator and 
to actuators that move the fan nozzle cascades to produce differential side- 
ways thrust components from the forward and aft fuselage fans. 

Note that the quantities used in the feedback loops of the attitude con- 
troller are the Euler angle rates and accelerations rather than the corre- 
sponding quantities measured relative to the aircraft's body-fixed axes. 
Although body-fixed angular rates and accelerations are probably easier to 
obtain, their use can result in significant controller errors. For example, 
it is well known that, with zero rate of change of pitch angle (6 = 0), 

q = r tan <j> (54) 


where 

q pitch rate in body axes 
r yaw rate in body axes 
<p bank angle 

and, in a steady-state banked turn, 

q tan d> 

Vi — *4 — • — ■ ----- 


(55) 


where 

g gravitational acceleration 
V a true airspeed 

Combining equation (54) and (55) yields 

_ q tan 2 <j> 


(56) 


Therefore, in a 30° banked turn^at 30-knots TAS , the pitch rate (from 
eq . (56)) is 12.13°/sec even though 6=0. If q rather than 0 were used in 
the pitch-controller feedback loop, a steady-state error of magnitude 
( Kq/Kq ) x 12.13 = 9.1° would result. This pitch error is clearly unacceptably 
large. 

The aircraft transient responses due to input pulses in roll, pitch, and 
yaw at hover, 60 knots, and 120 knots are shown in figure 21. It can be seen 
that, allowing for the changes of roll control mode with speed (table 4), the 
aircraft responses are similar to those of the desired second-order system. 
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The response in yaw at 120 knots differs from that at hover and 60 knots 
because of saturation of the yaw control. However, this latter example serves 
to demonstrate that the controller is well behaved, even when control satura- 
tion occurs. 

A comparison of the response of the aircraft to a roll input pulse for 
the two types of yaw control mode (table 4) at 30 knots is shown in figure 22. 
The only difference between these two responses is that, for the yaw rate 
system with bank-angle feedback, the sideslip angle tends to build up slowly 
with time, reaching about 5° after 35 sec. 

The pilot commands to the flight-path flight controller are through the 
master power management control console described under "Pilot Controls." The 
inputs from the master power management control console to the flight-path 
controller are shown in figure 15. 

The output of the vertical-axis flight controller (fig. 15) is passed 
through a "throttle gearing" (see fig. 55, appendix A) before being used to 
command the engine RPM (Nqj) . The purpose of this throttle gearing is to com- 
pensate for the severe nonlinearities in the variation of thrust with engine 
speed. The output of the horizontal (longitudinal) axis flight controller is 
used to command the thrust vector angle, (defined to be zero when the 

thrust is vertical) . The choice of engine RPM and thrust vector angle as the 
control quantities for the vertical and horizontal flight controller results 
in a particularly simple controller implementation, but the inherent control 
coupling at the higher thrust vector angles (?y£ > 50°) severely tests the 
decoupling effectiveness of the SRFIMF concept. 

The output of the horizontal (lateral) axis flight controller, 

(fig. 15) , passes to the thrust deflection cascades of all six fans (fig. 14) . 

The inertial velocities, Vy and Vy, and their time derivatives, Vy and 
Vy , used as feedback quantities in the flight controller, are measured rela- 
tive to a set of axes that are rotated, relative to the earth-fixed vertical 
axis, through the aircraft's heading. Thus 

V X = U E COS ^ + V E sin ^ 

V Y = V E COS ^ ~ U E S±n ^ 

V x = (U E + 7^) cos ip + (Vg ~ Ugh sin ip 

V Y = (Vg - Ugh COS Ip - (Ug + Vgh sin ip 

where 

U„, V inertial velocities along the earth-fixed x and y axes 
b E 

ip heading 


22 



Examples of the transient response of the aircraft to command pulses in 
vertical velocity, horizontal velocity, and horizontal acceleration, at hover, 
60 knots, and 120 knots, are shown in figures 23, 24, and 25. Significant 
deviations from the desired second-order system response and significant 
cross-axes decoupling occur only when control action is limited by maximum 
engine RPM and thrust vector angle limits . 

Figure 26 compares the aircraft response in hover to a lateral velocity 
command pulse when each alternate lateral velocity controller is used 
(table 4). So far as lateral velocity response is concerned, figure 26 shows 
that there is little to choose between the two types of controller. Figure 26 
also shows the response due to a roll command pulse with the lateral velocity 
controller (using thrust deflection) engaged. This latter example demon- 
strates the power of the SRFIMF concept in decoupling the attitude and trans- 
lational motion in hover. 

Finally, the response of the aircraft to a wing-tip engine failure at 
hover, 60 knots, and 120 knots is shown in figure 27. It is clear that the 
SRFIMF has a fast response to disturbances. Thus the maximum roll-angle 
deviation recorded was about 1° and altitude and velocity deviations were 
below the recorder threshold. 

Table 4 shows that a significant amount of control mode blending is 
required as the speed changes. This blending takes place over a speed range 
of 20-30 knots. For this simulation, a simple linear blending technique is 
used whereby the output of one control mode is multiplied by a factor Kg, the 
output of the other control mode is multiplied by a factor 1 - Kg, and the 
results are added together (see figs. 14 and 15). The blending factor is zero 
below 20 knots, unity above 30 knots, and linear in the 20-30-knot interval 
(see fig. 50 in appendix A) . 


Cockpit Instrumentation and Displays 

The cockpit instrument panel is shown in figures 28 and 29. In the cen- 
ter of the panel is a display CRT whose format is described later. On the far 
left of the panel (fig. 28) is the engine status instrumentation consisting of 
six engine RPM gauges arranged in a pattern similar to the engine location in 
a plan view of the aircraft, along with engine and fan status lights mounted 
near each RPM gauge. If an engine or fan fails, the appropriate light flashes 

To the immediate left of the display CRT is a standard airspeed indicator 
mounted above this are touchdown indicator lights for each of the three wheels 
(fig. 28) . Below the airspeed indicator is the attitude controller status 
panel. This panel contains roll, pitch, and yaw controller status lights that 
are off, on, or flashing according to whether the controller is operating, 
off or has failed. Below the status lights are roll and yaw mode selection 
switches; above the status lights are control travel status strip gauges that 
give normalized values (0-10) of the controller output quantities ip, i v , and 
iy (fig. 14). On the left of the attitude flight controller status panel is a 
flight-path flight controller status panel that contains status lights and 
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control mode selection switches. The horizontal (longitudinal) and vertical 
axes of the flight controller are treated as a single unit so far as operating 
status is concerned. The right side of the instrument panel (fig. 29) con- 
tains a barometric altimeter, angle-of-attack and sideslip indicators, and a 
standard horizontal situation indicator. 


The main aim of the electronically generated display is to provide suffi- 
cient situation and flight director information to permit a pilot to fly pre- 
cise curved decelerating approaches and vertical landings in category 3C 
weather conditions. The display format (figs. 30 and 31) is intended for 
eventual use as a head-up display. Unfortunately, the simulator available for 
the tests cannot accommodate the equipment required for head-up display pro- 
jection. However, little is lost in using the display format in conjunction 
with the head-down arrangement (fig. 29) since the prime concern in this simu- 
lation is with a task flown in category 3C conditions, for which head-up dis- 
play offers no special advantages. 

Figure 30 shows the display format used in conjunction with the horizon- 
tal (longitudinal) velocity controller option. The definition of the format 
symbols for the variables and the particular values depicted in figure 30 are 
given in table 5. 


The display format used in conjunction with the horizontal acceleration 
controller option is given in figure 31. The major difference between fig- 
ures 30 and 31 is that the display format for horizontal velocity and horizon- 
tal acceleration is reversed. The details of the differences between fig- 
ures 30 and 31 are given in table 6. 


The large symbol E3 in figures 30 and 31 represents the landing pad; dis- 
tances y and R are proportional to the lateral and longitudinal displacement 
of the landing pad relative to the aircraft. The landing pad appears on the 
display only when it is within 152 m (500 ft) horizontal range of the airplane. 
The symbol ® relative to the horizon and pitch ladder gives the direction of 
the inertial velocity vector. The quantities Yj and 3j are the angles the 
velocity vector makes with the horizon and with a plane defined by the earth- 
fixed vertical and the x-body-fixed axis of the aircraft. Thus, 


Y 
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(57) 


Bj = tan -1 


V. 


E 


U. 


- ij> 


E 


(58) 


When the vertical position of the velocity vector symbol ® exceeds 15° , it is 
removed from the display. 

If the pitch axis flight controller is not operating (either failed or 
switched off), the pitch trim (0y) symbol is removed from the display. If the 
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flight-path flight controller is not operating (either failed or switched off) , 
the symbols representing Vjp, Fjp, anc ^ are rem °ved from the display. 


Flight Director 

It is assumed that the variables describing the desired approach path and 
the required variation of aircraft's horizontal and vertical speed along the 
approach path are known functions of the distance from the touchdown point. 
Furthermore, it is assumed that both the desired and actual values of these 
variables are available for use as inputs to a three-axis (lateral, horizon- 
tal, vertical) flight director. The flight director provides guidance infor- 
mation that is presented on the pilot's electronic display (figs. 30 and 31). 

The lateral flight director provides bank-angle commands (Atj>^) to aid the 
pilot in tracking the localizer beam. For large localizer errors (large y ) , 
the flight director produces roll commands needed to maintain a heading of 
±45° relative to the localizer. Figure 32 is a block diagram of the lateral 
flight director. The output A<j>p is the error between the commanded and actual 
bank angles. This parameter controls the lateral position of the lateral 
flight director bar shown on the electronic display. The value of Aj )p is 
limited to ±20° of bank angle. The internal loop (fig. 32) containing the lag 
function, 1/(14. 9s +1), is provided to give the flight director a self- 
trimming property similar to that provided in the SRFIMF controller. Thus, 
the flight director will give bank-angle commands such that, in the steady 
state, the localizer error y becomes zero independent of any steady-state dis- 
turbances acting on the aircraft (e.g. , sidewind). The gain values shown in 
figure 32 are such that, with A<j>^ = 0, the effective time constant of the 
entire system of flight director and aircraft is about 20 sec. 

The horizontal (longitudinal) flight director is designed to operate in 
conjunction with the flight-path flight controller (fig. 15). Figure 33 is a 
block diagram of the flight director. The output of the flight director is 
either a horizontal velocity command, Fjp, or a horizontal acceleration com- 
mand, V^qj depending on which flight-path flight controller mode is selected. 
The commanded quantities V^p and V^p are shown on the appropriate scale of the 
electronic display. The pilot's horizontal velocity or horizontal accelera- 
tion input command to the flight-path flight controller (Vjp or Fjp) is also 
shown on the display. To achieve the required horizontal velocity, the pilot 
moves his controls (VC lever) to superimpose the flight director and his own 
command symbols on the display. The gain values shown in figure 33 are such 
that, with V%p = V^p (horizontal acceleration mode), the effective time con- 
stant of the entire system of flight director and aircraft is about 4 sec. 

The vertical flight director is also designed to operate in conjunction 
with the flight-path flight controller. Figure 34 is a block diagram of the 
director. The output is a commanded vertical velocity, hp. This quantity is 
shown on the VVI scale of the display, along with the pilots input to the 
flight director, hp. As with the horizontal flight director, the pilot.moves 
his control (VC lever) to superimpose the display symbols representing hp and 
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hp. The gain values are such that, with hp - hp, the effective time constant 
of the flight director and aircraft is about 4 sec. 


TEST PLAN 


Scope of Piloted Simulation 

The broad aims of the simulation were to evaluate the fixed-operating- 
point handling qualities of the aircraft equipped with the SRFIMF flight con- 
troller and to obtain an operational evaluation of the complete system of 
flight controller, pilot controls, and displays in IFR decelerating approaches 
along specified flight paths. 

To meet the aims of the simulation, a three-part test plan was devised. 

In part 1, the pilot was required to evaluate the fixed-operating-point 
handling qualities by performing the series of tasks shown in table 7. The 
tasks in part 2 (table 8) were designed to permit an evaluation of the air- 
craft during the critical period, just before "let-down," when final position 
changes in the horizontal plane are required to bring the aircraft to a hover 
vertically above the landing pad. In part 3, the pilot was required to per- 
form a series of curved and straight IFR (zero, zero) approaches from 120 knots 
to a vertical touchdown. The tasks in parts 1 and 2 were performed with 
various combinations of pilot control modes, with the best set being selected 
for the part 3 tests. All parts of the simulation were performed with and 
without winds and turbulence. 

The type of curved approach path used in the simulation is shown in fig- 
ure 35. The first segment, XA, is flown at a constant ground speed and a 
constant flight-path angle y^. From point A, the longitudinal (horizontal) 
deceleration is increased at a constant rate to point B, held constant to 

point C, and then reduced at a constant rate to zero at the hover point H. 

The magnitude of the constant deceleration during segment BC is such that, at 
point H, the ground speed is zero. The rate of descent is maintained constant 

to point E. From point E to point H, the rate of descent deceleration 

schedule is of the same general type as the ground-speed deceleration schedule 
from point A to H (appendix E) . The magnitude of the constant rate of descent 
deceleration during segment FC is such that, at E, the rate of descent is 
zero. The deceleration transition segments AB, EF, and CH are provided to 
avoid discontinuous deceleration commands. The time duration of all decelera- 
tion transition segments is 4 sec. 

The straight approach (fig. 35) may be regarded as a special case of the 
curved approach in which points A and E coincide and points B and F coincide 
and the rate of descent is proportional to the ground speed. 

The equations defining the approach paths, including the required accel- 
erations and velocities, are given in appendix E. The selected input values 
used to calculate the particular approach paths used in the simulation are 
given in table 9. The important approach path parameters, expressed as 
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functions of both the distance and time to initial hover, for both the curved 
and straight approaches, are shown in figures 36 and 37. 

The prime reason for attempting to fly curved approaches rather than the 
conceptually simpler straight approaches is the promise of some noise reduc- 
tion, primarily because of increased altitude. The magnitude of this 
increased altitude may be seen by comparing corresponding approaches shown in 
figures 36 and 37. A useful fact in this connection is that, for ground 
ranges in excess of that at the start of the longitudinal deceleration (7?^ in 
fig. 35), the altitude of the curved approach is approximately hj±l 2 (229 m 
(750 ft) in the examples) higher than for the corresponding (same y^) straight 
approach. However, to fly the type of curved approach path under discussion, 
the pilot must hold his initial rate of descent to much lower altitudes than 
for the straight approach. This fact is clearly evident in figure 38, which 
shows rate of descent as a function of altitude for both curved and straight 
approaches. For example, with y^ = -6° at 60 m (197 ft) altitude, the rate of 
descent of an aircraft flying the curved approach is 6.45 m/sec (1270 ft/min) , 
almost twice the value of 3.25 m/sec (640 ft/min) for an aircraft flying the 
straight approach. It follows that the acceptability of curved approaches 
depends strongly on the pilot's opinion of the additional psychological stress 
implied by high rates of descent near the ground and of his workload in reduc- 
ing this high rate of descent both quickly and accurately. 


Simulator 

The tests were conducted using the Ames six-degree-of-freedom simulator 
(S.01) shown in figure 39. The motion limits of the simulator cab are given 
in table 10, along with the frequency at 30° phase lag for each degree of 
freedom of the basic simulator (no motion washout filters, etc.). The fre- 
quency response of the basic simulator is given in greater detail in 
reference 17. 

The simulator cab has a single seat and was equipped as shown in fig- 
ures 17, 18, 28, and 29. Details of the pilot controls, instruments, and dis- 
plays have already been given under "Simulation Model of Lift-Fan VTOL Trans- 
port." The loading devices on the pilot's stick and rudder pedals were 
adjusted to provide the characteristics given in tables 2 and 3. 

The simulator tests were all conducted with the cab closed (pilot cannot 
see outside the cab). In the first two parts of the tests, the pilot was 
provided with a black and white television picture of a model of a landing 
approach scene, while in part 3, the picture provided a representation of fog 
(IFR zero, zero). The model used represented part land and part sea with the 
VTOL landing pad marked by l circle on the deck of a fixed model aircraft 
carrier. The picture of the model was generated by a computer-driven TV 
camera whose motion (suitably scaled in the translational degrees of freedom) 
followed that of the aircraft. The translational motion scale factor was set 
to 1/600. With this scale, the landing pad diameter was equivalent to 
54.25 m (178 ft). 
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The limits of the visual simulation system are given in table 11, along 
with the frequency at 30° of phase lag for each degree of freedom. The fre- 
quency response is given in greater detail in reference 17. 


Pilot Experience 

Because of the preliminary nature of these simulation tests, only one 
NASA test pilot participated. However, this pilot has extensive flight 
experience in all categories of aircraft, including helicopters and vectored 
thrust V/STOL aircraft. Furthermore, he participated in all previous lift-fan 
V/STOL aircraft simulations conducted at Ames (refs. 3, 5, 6, 8, and 10). 

Table 12 summarizes his flight experience. 

The pilot gave ratings for the various tests based on the Cooper-Harper 
handling qualities rating scale given in figure 40. 


SIMULATION RESULTS 


Fixed-Operating-Point Handling Qualities (Part 1) 

The dynamic effects of commanded pitch, roll, and yaw attitude changes 
in hover and of commanded pitch attitude changes at several speeds were 
evaluated in tasks 1, 2, and 3 (table 7). The pilot rating for all three 
tasks was 1-1/2, independent of winds and turbulence. The speed of response 
and damping of the attitude changes were judged to be very good. These 
results verify the frequency and damping criteria (frequency = 2 rad/sec, 
damping factor = 0.75) given in reference 14 for hovering flight, and indi- 
cate that these criteria are valid for pitch attitude changes throughout the 
powered-lift flight envelope. The insignificant effects of wind and turbulence 
on the precision with which the pilot could perform the tasks suggest that the 
self-trimming and disturbance-alleviating properties of the SRFIMF flight con- 
troller are of considerable value. 

During the task-1 tests, the pilot made some pitch attitude changes using 
the trim switch. The rate of change of commanded pitch trim (4°/sec) was 
judged to be satisfactory, and the pilot appreciated the display of his com- 
manded trim attitude (fig. 30) — a feature possible only with a self-trimming 
flight controller. This pitch trim display enabled the pilot to quickly com- 
mand precise changes of pitch attitude. The value of this feature was most 
apparent in the type of high workload situation characteristic of the VTOL 
approaches (discussed later) . 

The dynamic effects of commanded horizontal speed changes, commanded 
altitude changes, and engine failures were evaluated in tasks 6, 7, and 8. 

The pilot rating for all three tasks was, again, 1 to 1-1/2, independent of 
winds and turbulence. These results show that the frequency of 1.25 rad/sec 
and damping factor of 0.75, selected for the translational motion, were 
satisfactory, at least for these simple tasks. The insignificant effects of 


28 


winds, turbulence, and engine failures again demonstrated the effectiveness of 
the SRFIMF flight controller. 

The pilot ratings for tasks 6, 7, and 8 were not influenced by the type 
of horizontal longitudinal controller mode selected (acceleration or velocity) . 
The pilot expressed a preference for the horizontal acceleration controller 
mode because it offered him an inherently smoother ride. If, while in the 
horizontal velocity controller mode, the pilot made a sudden, large, horizon- 
tal velocity command change, then large and rather uncomfortable longitudinal 
accelerations resulted. This behavior led the pilot to describe the velocity 
controller mode as "jerky." The horizontal acceleration controller mode 
removed this problem by giving the pilot complete control of his longitudinal 
acceleration and therefore his ride comfort. On the other hand, once the 
potency of the horizontal velocity controller mode was recognized by the pilot, 
and he learned to move the VC lever smoothly and slowly, it was almost as easy 
and comfortable for him to use the velocity controller mode to achieve the 
changes in horizontal velocity required for task 6. 

In performing tasks 6 and 7, the pilot generally preferred the MK2 VC 
lever (fig. 19). The reasons for this preference are given in the section 
"Additional Pilot Comments." 

Lateral-directional dynamics at speeds above 30 knots were evaluated in 
tasks 4 and 5. These tests showed that the rate-command-attitude-hold con- 
troller mode, chosen for the roll axis, provided good response and damping 
characteristics (stick sensitivity = 262°/sec/m of stick (6.67°/sec/in. of 
stick), frequency = 2 rad/sec, damping factor = 0.75) and, by itself, was 
rated at 1 to 1-1/2, independent of winds and turbulence. Neither of the yaw 
controller modes provided were entirely satisfactory, and yaw controller mode 
deficiencies were largely responsible for problems the pilot experienced while 
performing tasks 4 and 5. The pilot ratings given for the turn coordination 
task are given in figure 41. In calm air, the sideslip command mode consis- 
tently provided better turn coordination handling qualities than the rate- 
command bank-angle feedback mode. The main reason for this result was that, 
with "pedal-fixed" turns, the sideslip command system maintained zero sideslip 
angle — thereby providing virtually perfect coordination characteristics— 
whereas the yaw command system permitted a small amount of sideslip to develop 
slowly (fig. 22). This gradual increase of sideslip is because the bank-angle 
feedback technique of turn coordination is "open-loop" so far as sideslip is 
concerned, and any small errors in the commanded rate of turn due to the bank- 
angle feedback loop eventually becomes evident as a slowly increasing sideslip 
angle. However, even at the 30-knot worst case condition, the sideslip angle 
did not exceed 5° and could be removed easily by applying yaw control. The 
increase in pilot ratings at 30 knots (fig. 41) was also due to a tendency of 
the pilot to overshoot the desired heading. Since the overshoot tendency 
occurred when using either yaw controller mode, it appears likely that the 
increased rate of turn, as forward speed was reduced (at constant bank angle), 
made it more difficult for the pilot to judge when to begin the roll out onto 
the new heading. Thus, for example, in a 10° banked turn, the rate of turn 
doubles from 3.21°/sec at 60 knots to 6.42°/sec at 30 knots. In retrospect, 
the task may not have been well conceived. It might have been better to have 
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specified a bank angle for each speed so that the rate of turn was a constant, 
thereby defining a task of more uniform difficulty. 

The introduction of winds alone (no turbulence) did not significantly 
influence the turn coordination task when the sideslip command mode was used 
since the sideslip controller still maintained zero sideslip. In contrast, 
when the yaw-rate controller mode was used, the pilot noted that the task 
became more difficult because of the need to apply progressively increasing 
amounts of yaw control to maintain a small sideslip angle. This result points 
to the main disadvantage of bank-angle feedback as a technique for coordinat- 
ing turns. The system, as implemented for this simulation, maintains a yaw 
rate equal to ( g tan §) /V% (fig. 14). Thus, if the bank angle 4> and the 
inertial horizontal speed are maintained constant, the yaw rate is also 
constant (provided the pilot does not introduce a yaw control input) . While 
this constant yaw rate will maintain zero sideslip in the absence of winds, 
with winds the yaw rate necessary to maintain zero sideslip is no longer con- 
stant. The result is that, with winds, sideslip angle varies cyclically, 
reaching a maximum numerical value twice in a complete 360° turn. Moreover, 
when the inertial speed Fj is small (^30 knots), the sideslip deviations from 
zero can be unacceptably large. The problem is evident in figure 42, which 
shows the variation of sideslip angle and yaw rate, using each type of yaw 
controller mode, for the aircraft in a constant 10° banked turn, at 30-knot 
inertial velocity in a 15-knot wind. It is clear from figure 42 that, with 
the sideslip command mode, the sideslip angle remains zero and yaw rate varies 
cyclically, whereas with the yaw-rate command mode, the yaw rate remains con- 
stant and the sideslip angle varies cyclically through angles as large as 30°. 
Note that large sideslip angles at low speed can introduce dangerously high 
rolling moments and have resulted in at least two accidents with VTOL air- 
craft. Interestingly, this problem was apparently not revealed in previous 
lift-fan V/STOL aircraft simulations, even though a similar form of bank-angle 
feedback turn coordination scheme was used. The reason for this may be that 
the turn was not continued long enough for large sideslip angles to develop. 

The introduction of turbulence, in addition to winds, in task 4 did not 
significantly influence the turn coordination performance when the yaw-rate 
controller mode was used, because the yaw-rate controller mode uses inertial 
quantities in its feedback loops and therefore tends to counter the effects of 
turbulence so far as aircraft response is concerned. However, the introduc- 
tion of turbulence when using the sideslip controller mode caused the pilot to 
experience severe buffeting. The buffeting was chiefly because of the large 
yaw accelerations produced as the controller acted to maintain zero sideslip 
angle. As shown in figure 42, 1.52-m/sec (5-ft/sec) RMS turbulence produced 
0.1 g RMS side forces at the pilot station. The ride experienced by the pilot 
was decidedly unpleasant and was responsible for the increase in pilot rating 
(fig. 41). 

It follows from the previous results that, so far as the yaw controller 
mode is concerned, there is a dilemma. If inertial quantities are used 
exclusively in the controller loops, then large pilot yaw control inputs may 
be required to maintain low sideslip angles, and if air-mass-referenced quan- 
tities are used exclusively, then turbulence induces buffeting. It is 
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conceivable that a yaw controller mode can be devised, using both inertial and 
air-mass-referenced quantities, which will be an adequate compromise. For 
example, a possible solution may be to use a yaw-rate command with a bank-angle 
feedback mode whose feedback gain is proportional to the reciprocal of the 
airspeed rather than the inertial speed. Such a system would not require 
large pilot yaw control inputs to counter the effects of steady winds in turn- 
ing flight. If, in addition, the airspeed signal were passed through a suit- 
able filter before being used as a component in the bank-angle feedback gain, 
it may be possible to reduce the buffet due to turbulence to an acceptable 
level. 

The results for task 5 (constant 10° sideslips with constant heading) 
were all within a pilot rating of 1/2 of those of task 4 for the corresponding 
conditions. The problems experienced could be traced to those outlined above 
for the yaw controller mode. 

In addition to rating each task in the part 1 tests, the pilot also gave 
composite ratings for the overall handling qualities of the aircraft at the 
various forward speeds. These composite pilot ratings are given in figure 43 
and, as might be expected, they closely follow those given for the turn 
coordination and steady sideslip tasks, indicating that the handling qualities 
problems of the aircraft are largely associated with the yaw controller mode. 
Note that this problem is not a deficiency in the basic SRFIMF controller 
concept, but rather reflects on the choice of yaw controller mode. 

It is appropriate at this point to briefly compare the fixed-operating- 
point, handling-qualities results obtained in the present test with those 
obtained in a previous lift-fan V/STOL simulation. Figure 44 gives the com- 
posite pilot ratings for the current tests, for the same aircraft equipped 
with a response-feedback controller (ref. 5) and the same aircraft without an 
active flight controller. These pilot ratings are for the aircraft handling 
qualities in calm air. It is evident that an aircraft without a flight con- 
troller is virtually unflyable at low speeds. Adding a response-feedback con- 
troller greatly improves the handling qualities. The SRFIMF controller pro- 
vides even greater improvement. Some care should be used in interpreting these 
results. Further improvements are possible in the application of both the 
response feedback and SRFIMF controllers to this aircraft. Moreover, the cur- 
rent test results represent the opinion of a single pilot, whereas those for 
the response-feedback-controlled aircraft represent the opinion of several 
pilots. However, some continuity of opinion exists in that the pilot who pro- 
vided the results for the current tests also participated in the previous tests. 


Additional Fixed-Operating-Point, Handling Qualities in Hover (Part 2) 

The problems involved in making final position changes, in the horizontal 
plane, to bring the aircraft to a hover vertically above the landing pad were 
investigated in the second part of the simulation tests (table 8). The main 
aim was to evaluate the effectiveness of various types of pilot controls and 
flight controller modes that could be used for this task (table 4) . The pilot 
used the electronic display to judge the position of the aircraft relative to 
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the landing pad (fig. 30). Therefore, the task was performed essentially in 
IFR conditions . 

In essence, two dynamically distinct types of translational control were 
examined, which may be termed "direct force command" and "velocity command." 
In the former, the pilot was given direct control of the orientation of the 
gross thrust vector; in the latter, he was given control of translational 
velocity through the action of the flight-path flight controller. Both types 
of control were implemented, first through aircraft attitude operated from the 
stick, and then through gross thrust deflection operated from one or other of 
the thumb controls located on top of the P and VC levers (figs. 16 and 19). 

An evaluation of the influence of the type of VC lever arrangement on the ease 
with which the thumb controller could be used is given in the section 
"Additional Pilot Comments." 

Pilot ratings for each of the four control techniques used are given in 
figure 45. It is unnecessary to distinguish between longitudinal and lateral 
position changes (tasks 1 and 2 in table 8) since both received the same pilot 
ratings. It is evident from figure 45 that precise horizontal positioning of 
the aircraft, using direct force control implemented through aircraft atti- 
tude, was relatively difficult (PR 5-6). This difficulty was caused by the 
virtual absence of natural translational damping and by the relatively long 
time lag between a pilot input to the stick and the establishment of a sig- 
nificant change in translational velocity. In an attempt to cope with these 
deficiencies, the pilot usually tended to apply too much control and often 
overshot the landing pad. This type of problem has been observed in past VTOL 
simulations. The use of direct force command implemented through gross thrust 
deflection reduced the lag substantially, but improved the pilot rating by 
only one point (fig. 45). This result strongly suggests that the major prob- 
lem involved in the use of direct force command was a lack of translational 
damping. 

Tests performed using translational velocity command, implemented either 
through aircraft attitude or thrust deflection, dramatically improved the 
performance over that using direct force command (PR 1 to 1-1/2). This result 
tends to reinforce the earlier results suggesting that translational damping 
was the critical factor in determining the ease with which the task could be 
performed. Note in figure 45 that the pilot ratings using the deflected 
thrust implementation of velocity command were slightly higher than for the 
aircraft attitude implementation. This result was not because that task was 
more difficult with deflected thrust, but because the ride was less comfort- 
able. Deflecting the thrust changes the nongravitational forces acting on the 
aircraft and the pilot feels the reaction to these force changes. This situa- 
tion also occurs when thrust deflection is used to implement direct force 
command. However, the associated ride quality problem was less evident in 
this case because the pilot did not command thrust deflections as large or as 
fast as the flight-path flight controller did in response to pilot velocity 
commands. 

The good results obtained using the aircraft attitude implementation of 
translational velocity command verify the results reported in reference 18 
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for a simulated VFR hovering task. The pilot's chief objection to this con—' 
trol technique was the atypical variation of aircraft attitude with stick 
input. For example, following a step lateral input at the stick, the roll 
angle increases to a maximum value and then decreases to a relatively small 
value as the translational velocity approaches the value equivalent to the 
stick input (fig. 26). 

Figure 45 also shows that, when the translational velocity command was 
used, winds and turbulence had no effect on the pilot's opinion of the task. 
This result was obtained because the flight-path flight controller attenuated 
the turbulence and automatically trimmed the effects of steady winds. Since 
the flight-path flight controller must be switched off for the pilot to use 
direct force command for translation, winds and turbulence made the task more 
difficult and resulted in a pilot rating increase of one unit. 


IFR Landing Approaches and Touchdown (Part 3) 

The results of the part-1 tests showed that the use of sideslip command 
to control the yaw axis led to poor ride qualities in turbulence, especially 
at low speeds (^30 knots) . It was decided, therefore, to use yaw-rate command 
with bank- angle feedback for all approach and landing tests. 

The results of the part-2 tests showed that final positioning of the air- 
craft over the landing pad was best accomplished using some form of transla- 
tional velocity command. The thrust deflection implementation (operated 
through the thumb control on the VC lever) was used for all approach and land- 
ing tests, even though it appeared from the part-2 tests that the attitude 
implementation may be slightly better. The attitude implementation was not 
selected because the flight controller had been designed to provide this mode 
only for the roll axis (table 4). In retrospect, it would have been desirable 
to have extended this controller mode to include the pitch axis so that this 
system could have been evaluated in approach and landing tests. 

The tests were performed using both the straight and curved approaches, 
with initial flight-path angles of -3° , -6° , and -9° (see "Scope of Piloted 
Simulation"). During the familiarization period, before the start of system- 
atic testing, the pilot flew several approaches to compare the two alternate 
types of horizontal longitudinal flight-controller mode (table 4). The major 
problem when the velocity command mode was used was that the pilot tended to 
change velocity in a series of steps, rather than smoothly. This tendency 
occurred because the pilot moved his velocity command thumb wheel (fig. 19) 
only when his attention was on the horizontal flight director display. Since 
the horizontal flight director command symbol was moving continuously, in 
accordance with the required deceleration schedule, the pilot moved his thumb 
wheel in a series of "catch-up" steps, at the frequency of his scan pattern. 
This technique introduced lags, which caused a deterioration of tracking 
accuracy. Furthermore, the pilot often did not have time to move the thumb 
wheel slowly in his attempt to catch up with the flight director and, as a 
result, the ride problem noted in part 1 occasionally became evident. In con- 
trast, when the acceleration command mode was used, the pilot found that he 
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only had to move the thumb wheel once to match his commanded deceleration with 
that indicated by the flight director. No further significant inputs to the 
thumb wheel were required until the aircraft was close to the landing pad. 

The result was a smooth ride, with high precision, achieved with relatively 
low workload. The pilot therefore concluded that the acceleration command was 
preferable for the types of approach to be studied and it was decided to use 
this mode exclusively in the formal testing program. 

All approaches were started with the aircraft offset, laterally, 152 m 
(500 ft) from the localizer and trimmed, nose down, to zero angle of attack. 
The nose-down attitude was required because the maximum aft thrust vector 
angle was insufficient to enable the aircraft to fly, with a deck- level atti- 
tude, at 120 knots, on the steeper glide slopes (-6° and -9°). 

The pilots' preferred technique for performing a curved approach and 
landing is shown in figure 46. Before the start of the test, the pilot set 
his VC lever and thumb wheel positions so that his commanded rate of descent 
and horizontal acceleration matched those indicated by the corresponding 
flight directors. The aircraft initial conditions, and the positions of the 
VC lever and thumb wheel at the start of the flight, are shown at point 1 in 
figure 46. 

The pilots first action was to remove the 152 m (500 ft) localizer error 
by banking the aircraft to null the lateral flight director indicator. This 
process was essentially completed during the constant-speed segment XA. A 
typical view of the display and power management controls during segment XA is 
shown at point 2 (fig. 46). At A, the horizontal flight director starts to 
indicate a required deceleration. This required deceleration increases at a 
constant rate to B and then remains nominally constant to C. The pilot used 
his thumb wheel to match his acceleration command indicator with the horizon- 
tal flight director indicator (fig. 31). A typical view of the display and 
power management controls shortly after the maximum deceleration was estab- 
lished is shown at point 3 (fig. 46). On segment BC , when the horizontal 
speed was about 100 knots, the pilot used his pitch trim switch to rotate the 
aircraft to a deck-level attitude (point 4 in fig. 46) . 

Figure 46 shows that, although the aircraft was heading along the .Local- 
izer (ip = 90°) at the start of the flight, the sidewind gradually yawed the 
aircraft toward the relative wind vector. This effect was slow and the change 
of heading never exceeded about 20°. The pilot did not find it necessary to 
reestablish the initial heading. At a distance of 152 m (500 ft) from the 
touchdown point (point 5 in fig. 46) , the landing pad appeared on the display. 
Since the aircraft was yawed to the left, the landing pad first appeared at 
the top right-hand corner of the display, even though the localizer error was 
zero (LAT = 0) . 

From E onward, the vertical flight director indicates a progressively 
reduced rate-of-descent requirement which the pilot followed using his VC 
lever (points 6 and 7 in fig. 46). Shortly thereafter, at C, the horizontal 
flight director indicates a progressively reduced horizontal deceleration 
requirement, which the pilot followed using his thumb wheel. From E onward. 
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the pilot paid particular attention to the altitude and his commanded horizon- 
tal velocity (shown below VEL on the display) . When the altitude was about 
30.5 m (100 ft), the pilot broke off the descent by commanding zero rate of 
descent. He then continued to follow the horizontal flight director until his 
commanded velocity was approximately zero, at which point he quickly moved his 
thumb wheel to command zero acceleration (point 8 in fig. 46). At this point, 
the aircraft was hovering 15-23 m (50-75 ft) above ground, within a radius of 
30.5 m (100 ft) of the touchdown point. The pilot then used the two-axis, 
thumb-operated vernier velocity command control to translate the aircraft to 
a position vertically above the landing pad. Finally, he used his VC lever to 
command a rate of descent of about 1 m/sec (200 ft/min) and the aircraft 
settled onto the landing pad (point 9 in fig. 46) . 

The greatest pilot activity took place at the end of the horizontal 
deceleration, where both the VC lever and thumb wheel must be used simultan- 
eously and several variables noted carefully. The most crucial part of the 
landing was the removal of the horizontal deceleration when the pilot's com- 
manded velocity was close to zero (within ±5 knots) . Failure to perform this 
operation accurately resulted in a pronounced tendency of the aircraft to 
drift relative to the touchdown point and made the task of final positioning 
over the touchdown point, with the vernier velocity control, more difficult. 

Pilot ratings for the various types of approach are shown in figure 47. 

For straight approaches, these ratings were less than 3-1/2, independent of 
the initial approach angle. Side winds and turbulence increased the workload 
slightly, as reflected in the small increase in pilot rating (fig. 47). The 
curved approaches received slightly higher pilot ratings because the pilot was 
less comfortable with the higher rates of descent near the ground (fig. 38). 

In addition, the curved approaches required more concentration from the pilot 
to bring the aircraft, to a hover, in a satisfactory position relative to the 
landing pad. The flight controller yaw mode deficiencies (noted in part 1 
tests) did not interfere with the approach and landing task largely because 
the pilot did not feel the need to apply large lateral stick and rudder pedal 
inputs at low speeds (**30 knots) . 

Time histories of most of the important variables during typical 6° curved 
and straight approaches are shown in figures 48 and 49, respectively. Also 
shown are the points at which the important pilot actions (described earlier) 
take place. 

Note that, when flying straight approaches, the required gradual decrease 
in rate of descent is performed by the pilot in a series of discrete steps 
(fig. 49). This type of behavior is similar to that described earlier in con- 
nection with the use of the horizontal velocity mode, and was one of the rea- 
sons this mode was rejected in favor of the horizontal acceleration mode. 
Although the required reduction in rate of descent could probably be made 
smoother and require fewer pilot inputs if a vertical acceleration mode were 
used, questions of safety alone would probably preclude its use. In any case, 
the pilot did not comment on the workload required to follow the vertical 
flight director. In contrast, note that, when flying the curved approach 
(fig. 48), the required rate-of-descent reduction takes place quickly and the 
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pilot can apparently afford to devote most of his attention to it for the 
short period of time needed. 

A series of tests were carried out in which flight-path flight controller 
failures were simulated at altitudes varying from 30-150 m (100-500 ft) . 

After the failures, the pilot was to follow the procedure outlined earlier 
under "Pilot Controls" to assume flight-path control using the P and T levers 
and abort the landing. In all the tests, the pilot was able to check the rate 
of descent with less than 15.2 m (50 ft) loss in altitude, and at no point did 
the rate of descent exceed that at the failure point. The procedure, as an 
emergency measure, was regarded by the pilot as being both simple and effective 
and was given a pilot rating of 4-1/2. These failure tests were not extensive 
and more work is required to fully define the safe rate of descent/altitude 
envelope. 

In recognition of the concern over the relatively high rates of fuel con- 
sumption of lift-fan VTOL aircraft in the powered-lift flight mode, the pilot 
was requested to complete all VTOL landings in the minimum time. However, the 
pilot was reluctant to maintain a rate of descent all the way to touchdown, 
favoring, instead, a technique of flaring first to a hover. Unfortunately, 
this technique requires a considerable time in hover, typically 20-40 sec (as 
shown in figs. 48 and 49). Table 13 shows the deviation from the ideal mini- 
mum landing time, from 4570 m (15,000 ft) range to touchdown, for a series of 
27 VTOL landings. These landings included curved and straight approaches, 
performed with and without winds, turbulence and engine failure. Also shown 
in table 13 are the corresponding rates of descent at touchdown and the touch- 
down distance dispersion. Table 13 provides some idea of the kind of landing 
performance to be expected. However, in evaluating these data, note that the 
pilot's total testing time was 8 hr, only 3 of which were devoted to approaches 
and landings. 


Additional Pilot Comments 

During the tests, the pilot was able to evaluate the effectiveness of the 
power management lever arrangement (MK1 and MK2, see figs. 16 and 19) and the 
electronic display. 

The pilot found the MK1 controller to be objectionable for two reasons. 
First, he found that moving the handle vertically for height control was 
awkward and the zero descent-rate detent hard to locate (the tactile detent 
indicator (fig. 16) was of little value). Second, he found that there was a 
tendency for him to move the handle vertically while operating the thumb con- 
troller. This pilot-induced coupling increased the workload sufficiently to 
be annoying. The MK2 controller exhibited neither of these objectionable 
characteristics. Furthermore, the pilot found that there was a more natural 
feel with the MK.2 lever in that it was mechanized in the same way as a conven- 
tional power lever. This latter point was particularly important since, in 
the event of a flight-path flight controller failure, the pilot is required to 
revert to a conventional power lever. 
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The pilot stated that the information presented on the electronic display 
permitted IFR zero-zero approaches and landings with consistent accuracy. 
However, he also stated that the digital information was sometimes hard to 
read and the task would have been easier to perform if the display could have 
been projected in a "head-up" form. As far as the display format was con- 
cerned, the pilot suggested the following changes to improve its effectiveness: 

(a) Add a vertical line, starting at the bottom and center of the dis- 
play, so that the distance from the top of the line to the airplane symbol is 
a measure of altitude. This line should be scaled so that it appears only 
when the altitude is less than 60 m (200 ft). This addition would alert the 
pilot to his low altitude and could make it easier for him to judge the final 
vertical descent. 

(b) Make the touchdown square rotate with a change of aircraft heading. 
This would give a pictorial view of aircraft heading relative to the local- 
izer and would generally add to the realism of the horizontal situation 
representation. 

(c) Transpose the acceleration and vertical velocity scales. This 
change would make the relative location of the scales agree with the relative 
location of the corresponding VC controls (thumb wheel to the right of the VC 
lever and acceleration scale to the right of the vertical velocity scale) . 


CONCLUSIONS 


A state rate feedback implicit model-following (SRFIMF) flight controller 
has been advanced as a possible approach to improving the handling qualities 
of lift-fan VTOL aircraft. It has been shown that, conceptually, the SRFIMF 
flight controller is relatively simple: it provides an input-output relation- 

ship approximately that of any selected second-order system; it provides good 
gust alleviation and cross-axes decoupling; and it is self-trimming. 

The SRFIMF flight controller has been applied to all axes of a comprehen- 
sive mathematical model of a lift-fan V/STOL transport. Power management con- 
trols and pilot displays have been designed to match the various modes of con- 
trol provided by the SRFIMF flight controller. A piloted simulation was 
performed using the Ames six-degree-of-f reedom simulator. The principal con- 
clusions derived from this simulation are: 

(a) The aircraft with the SRFIMF flight controller had satisfactory 
(PR < 3-1/2) fixed-operating-point handling qualities throughout the powered- 
lift flight envelope. These handling qualities were generally better than had 
been achieved in previous simulations of the aircraft (equipped with a 
response-feedback flight controller) . 

(b) Neither of the yaw controller modes tested (yaw-rate command with 
bank-angle feedback and sideslip command) was entirely satisfactory. With 
the yaw-rate command mode, steady winds caused large sideslip angles to 
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develop in steady turns. On the other hand, with the sideslip command mode, 
turbulence induced large yaw accelerations, felt by the pilot as large side- 
ways accelerations. Both problems were most acute at low speeds ('“SO knots) . 

(c) With the exceptions noted in (b) , the self-trimming feature of the 
SRFIMF flight controller compensated automatically for steady winds, and the 
disturbance alleviating property attenuated the effects of turbulence. The 
overall result was that winds and turbulence did not materially affect the 
fixed-operating-point handling qualities. 

(d) Disturbances due to engine failures were quickly and completely com- 
pensated by the flight controller and required no action from the pilot. 

(e) VTOL approaches and landings, in IFR zero-zero conditions, using 
either straight or curved approach paths, were flown with acceptable pilot 
workload. The pilot preferred the straight approach paths because they 
resulted in the smallest rates of descent near the ground. Wind and turbu- 
lence increased the workload only slightly. Pilot ratings varied from 2-1/2 
for straight approaches in calm air to 4 for an initial y = -9° curved 
approach, with 15-knot side wind, 1.52-m/sec (5-ft/sec) RMS turbulence, and an 
engine failure. 

(f) The pilot preferred the longitudinal acceleration flight controller 
mode over the longitudinal velocity mode. The longitudinal acceleration mode 
provided the pilot with a smoother ride and a smaller workload. The major 
problem with the acceleration mode was switching to a velocity mode for hover. 

(g) The pilot preferred the MK2 power management control since it 
avoided the awkward arm action and control coupling associated with the MK1 
control and, in addition, closely resembled a conventional power lever in 
both mechanization and function. 

(h) The major difficulty encountered while performing VTOL approaches 
and landings was switching from longitudinal acceleration command to longi- 
tudinal velocity command. The technique adopted by the pilot was satisfac- 
tory, but further improvement is required. 

(i) The system designed to handle the problem of flight-path flight con- 
troller failure and the corresponding piloting procedures were satisfactory. 

(j) VTOL approaches and landings, when performed by the pilot, took an 
average of 30 sec longer than the ideal minimum. This additional time was 
required because the pilot, rather than following the vertical flight director 
to touchdown, preferred to break off to a hover at 15.2 to 30.5 m (50 to 

100 ft) and then to descend at about 1.02 m/sec (200 ft/min) to touchdown. 
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(k) Touchdown dispersion averaged 3. 94 m (12.94 ft) for the series of 
landings performed. However, the pilot could probably reduce the dispersion 
substantially with practice. 


Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, June 14, 1977 
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TABLE 1.- AIRCRAFT DIMENSIONS, WEIGHT, AND INERTIA 


j Dimensions 

Parameter 

Symbol 

Value 

Wing area 

s w 

71.00 m 2 (764.2 ft 2 ) 

Wing mean aerodynamic chord 

°w 

3.968 m (13.02 ft) 

Wing span 

b w 

18.65 m (61.17 ft) 

Horizontal tailplane area 

s t 

25.60 m 2 (275.54 ft 2 ) 

x coordinate of pilot station 

Bpx 

11.05 m (36.25 ft) 

y coordinate of pilot station 

E py 

-.482 m (-1.58 ft) 

z coordinate of pilot station 

E P* 

-.152 m (-0.50 ft) 

Weight and inertia 

Weight 

W 

267,000 N (60,000 lb) 

Inertia about x body axis 

T x 

325,800 kg m 2 (240,300 slug ft 2 ) 

Inertia about y body axis 

J y 

872,300 kg m 2 (643,400 slug ft 2 ) 

Inertia about z body axis 

L 

1,071,900 kg m 2 (790,600 slug ft 2 ) 

Product of inertia with respect 

^ XZ 

70,500 kg m 2 (52,000 slug ft 2 ) 

to x and s body axes 




TABLE 2.- CONTROL STICK TRAVEL LIMITS , 


Control 

Maximum travel - 

Deadband 

Lateral 

Longitudinal 

Directional 

±0.1156 m (±4.55 in.) 
±.1156 m (±4.55 in.) 
±.0838 m (+3.30 in.) 

±0.0013 m (±0.05 in.) 
±.0013 m ( ±.05 in.) 
±.0013 m ( ±.05 in.) 


TABLE 3.- CONTROL STICK FORCES 


Control 

Breakout force 

Maximum force 

Force gradient 

Lateral 

Longitudinal 

Directional 

5.56 N (1.25 lb) 
5.56 N (1.25 lb) 
22.24 N (5.0 lb) 

27.58 N ( 6.2 lb) 
49.82 N (11.2 lb) 
166.81 N (37.5 lb) 

193 N/m ( 1.1 lb/in.) 
387 N/m ( 2.2 lb/in.) 
1752 N/m (10.0 lb/in.) 
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TABLE 4.- PILOT CONTROL MODES 


Attitude flight controller 
(stick and rudder pedals) 


Flight-path flight controller 
(VC lever system) 


Speed 

range 


Roll 

axis 


Pitch 

axis 


Yaw 

axis 


Longitudinal 

x 


Lateral 

y 


Vertical 

z 



Bank- a 

Pitch 3 

v a 

Yaw- 

Velocity 3 

Side b 

Vertical 3 


angle 

attitude 

rate 

command 

velocity 

velocity 


command 

command 

command 

or 


command 

command 

0-20 knots 

or b 



with 

acceleration 




side 



heading 

command 





velocity 



hold 

with 






command 




velocity 









hold 





20-30 knots 

Blend 



Blend 



Phase 

out 




Roll- 3 



Yaw rate- 







rate 



command with 






30 knots- 

command 



bank-angle 






with 



feedback for 






conversion 

speed 

(““120 knots) 

bank- 



turn coord. 






angle 

hold 


' 

or sideslip 

angle 

command 


r 



' 



^Nominal set of pilot control modes. 

These controller modes are mutually exclusive. 
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TABLE 5.- DEFINITION OF FORMAT SYMBOLS USED IN FIGURE 30 



Variable (description of its 
representation in fig. 30) 

Symbol in 
fig. 30 

Display values 
and units 


Bank to right (horizon and 
pitch ladder rotated to left) 

4> 

8° 


Pitch attitude (fixed air- 
plane symbol -0 - on horizon) 

0 

0° 


Heading (moving horizontal 
scale above pitch ladder; 
note: 8 means 80°) 

<P 

00 

0 


Sideslip to left (lateral 
accel. ball below heading 
scale displaced to left) 

n yp 

*0.1 g 


Flight-path angle (inertial 
velocity vector symbol ® 
relative to horizon) 

Y J 

-7° 


Angle of attack (airplane 
symbol ~0~ relative to 
velocity vector symbol ®) 

a 

7° 

Airplane 

state 

Inertial horizontal velocity 
(< on vel scale) 

Inertial horizontal acceler- 
ation (bottom left digital 
readout) 

Accel 

42 knots 

0.46 m/sec 2 (1.5 ft/sec 2 


Vertical velocity (> on WI 
scale - note: 1 means 
(1000 ft/min)) 

h 

2.95 m/sec (-580 ft/min) 


Ground range (bottom midleft 
digital readout) 

Long 

3413 m (11,200 ft) 


Localizer error (bottom mid- 
right digital readout) 

Lat 

-45.7 m (-150 ft) 


Radar altitude (bottom right 
digital readout) 

Alt 

640.1 m (2100 ft) 


Flight-path altitude error 
(horizontal bar relative to 
airplane symbol -5- ) 

A h 

-22.8 m (« -75 ft) 


Resultant thrust vector angle 
(top left digital readout) 

Vect 

15° 


Engine speed (top right 
digital readout) 

RPM 

99.8% of max. continuous 
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TABLE 5.- Concluded 



Variable (description of its 
representation in fig. 30) 

Symbol in 
fig. 30 

Display values 
and units 


Pitch trim ( i> <i on pitch 
ladder) 

0y 

6° 

Pilot 

commands 

Commanded inertial horizontal 
velocity ( i> on vel scale) 

7 XP 

59 knots 


Commanded vertical velocity 
(<i on WI scale) 

K 

0.81 m/sec (160 ft/min) 


Localizer director (vert, 
bar relative to airplane 
symbol -04* ) 


~15° 

Flight 

director 

Inertial horizontal velocity 
director (*■* on vel scale) 

V 

88 knots 


Vertical velocity director 
(“ on WI scale) 

K 

-6.1 m/sec (-1200 ft/min) 
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TABLE 6.- DEFINITION OF FORMAT SYMBOLS USED IN FIGURE 31 



Variable (description of its 

Symbol in 

Display values 


representation in fig. 31) 

fig- 31_| 

and units 


Inertial horizontal velocity 
(bottom right upper digital 

VEL 

102 knots 

Airplane 

readout) 



state 

Inertial horizontal accelera- 
tion (< on accel scale) 


-0. 27 m/sec 2 (-0. 9 ft/sec 2 ) 


Commanded inertial horizontal 




acceleration ( > on accel 

’ Y XP 

0.305 m/sec 2 (1 ft/sec 2 ) 

Pilot 

scale) 


commands 

Commanded inertial horizontal 
velocity (bottom right lower 

VEL 

121 knots 


digital readout) 



Flight 

director 

Inertial horizontal accelera- 



tion director (= on accel 
scale) 

v X c 

1.25 m/sec 2 (4.1 ft/sec 2 ) 


Note: Definitions of all other format symbols used in figure 31 are given in 

table 5. 
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TABLE 7.- SIMULATION TEST PLAN, PART 1 


No. 

Fixed-operating-point handling qualities 
evaluation tasks at 0, 30, 60, 90, 

120 knots and 152 m (500 ft) altitude 

Primary 

pilot 

controls 

Pilot control 
modes 

i 

Change pitch attitude by ±5° and hold 
steady 

Long . 
stick 

Nominal 
(table 4) 

2 

Change roll attitude by ±5° and hold 
steady (hover only) 

Lat . 
stick 

Nominal 

3 

Change heading by ±40° and hold steady 
(hover only) 

Pedals 

Nominal 

4 

Coordinated turns using ±10° of bank 
and roll out to a heading change of 
±40° (hover excluded) 

Lat . 
stick & 
pedals 

Nominal and 
alternate yaw 

5 

Change sideslip by ±10° maintaining 
heading (hover excluded) 

Lat . 
stick & 
pedals 

Nominal and 
alternate yaw 

6 

Change horizontal velocity by ±20 knots 
and hold steady 

VC 

lever 

Nominal and 
alternate long. 

7 

Change altitude by ±30.5 m (±100 ft) 
and hold steady 

VC 

lever 

Nominal 

8 

Recover initial attitude, altitude, 
and speed following an engine failure 

Stick 
pedals 
VC lever 

Nominal 


No. 


1 


TABLE 8.- SIMULATION TEST 

Additional fixed-operating-point 
handling qualities evaluation tasks 
at hover 


From an initial hover, change the longi 
tudinal position by 30.5 m (100 ft) and 
reestablish hover, maintaining a 
constant 30.5 m (100 ft) altitude 


From an initial hover, change the 
lateral position by 30.5 m (100 ft) and 
reestablish hover, maintaining a con- 
stant 30.5 m (100 ft) altitude 


PLAN, PART 2 


Primary 

pilot 

controls 

Pilot control 
modes 

Long. 

Nominal 

stick 


VC 

Nominal and 

lever 

Vernier 

alternate long. 

velocity 

control 

Nominal 

Vernier 

Nominal 

force 

attitude 

control 

flight-path off 

Lat . 

Nominal and 

stick 

alternate roll 

Vernier 

Nominal plus 

velocity 

lateral 

control 

velocity 

Vernier 

Nominal 

force 

attitude 

control 

flight-path off 
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TABLE 9.- VTOL LANDING APPROACH PATHS: VALUES OF INPUT QUANTITIES 

(SEE APPENDIX E) 


Input 
variab le 

Curved approach 

Straight approach 

Vy A 3 knot 

120 


120 

h A 

457.2 m (1500 ft) 


— 

h R 

6.10 m (20 ft) 

6.10 

m (20 ft) 

h 

™max 

0.61 m/sec 2 (2 ft/sec 2 ) 


— 

-t c , sec . 

4 


4 

deg 

-3, -6, -9 

-3, -6, -9 

-7.5 

' v x 

max 

— 

-0.91 m/sec 2 
(-3 ft/sec 2 ) 

-0.49 m/sec 2 
(-1.61 ft/sec 2 ) 


TABLE 10.- SUMMARY OF SIX-DEGREE-OF-FREEDOM (S.01) SIMULATOR CHARACTERISTICS 


Axis 

Displacement 
limits, ± 

Velocity 
limits, ± 

Acceleration 
limits, ± 

Frequency 
at 30° 
phase lag 

Roll 

35° 




1. 3 rad/sec 

10 

rad/sec 2 

0.63 

Hz 

Pitch 

35° 




1.7 rad/sec 

4. 

5 rad/sec 2 

.60 

Hz 

Yaw 

35° 




3.0 rad/sec 

3. 

0 rad/sec 2 

.80 

Hz 

Longitudinal 

2. 7 

m 

(9 

ft) 

2.7 m/sec 

2. 

3 m/sec 2 

.70 

Hz 






(9.0 ft/sec) 

(7 

.5 ft/sec 2 ) 



Lateral 

2.7 

m 

(9 

ft) 

2.4m/ sec 

2. 

8 m/sec 2 

.45 

Hz 






(8.0 ft/sec) 

(9 

.2 ft/sec 2 ) 



Vertical 

2.7 

m 

(9 

ft) 

2.3m/ sec 

2. 

7 m/sec 2 

1. 59 

Hz 






(7.5 ft/sec) 

(8 

.8 ft/sec 2 ) 




TABLE 11.- SUMMARY OF VISUAL FLIGHT ATTACHMENT (VFA-2) CHARACTERISTICS 


Axis 

Displacement 

limits 

Velocity 
limits, ± 

Acceleration 
limits, ± 

Frequency 
at 30° 
phase lag 

Roll 

100° 

2 rad/sec 

4.2 rad/sec 2 

1.70 

Hz 

Pitch 

+20°, -30° 

3 rad/sec 

16 rad/sec 2 

8.50 

Hz 

Yaw 

Unlimited 

0.333 rad/sec 

2 rad/sec 2 

o 

00 

Hz 

Longitudinal 12 

6.44 km (4 mi) 

185 knots 

15 g 

.40 

Hz 

T ,a 

Lateral 

±0. 81 km 
(0.5 mi) 

180 knots 

8.5 g 

.56 

Hz 

Vertical 12 

228.6 m 
(750 ft) 

16.76 m/sec 
(3300 ft/ min) 

5.5 g 

.75 

Hz 


a At scale 1:600. 
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TABLE 12.- PILOT EXPERIENCE (FLIGHT HOURS) 


Aircraft type 

Hours 

Fixed-wing V/STOL 

282 

Helicopter 

774 

Other aircraft 

5436 

Total 

6492 


TABLE 13.- SUMMARY OF SELECTED TOUCHDOWN DATA FOR VTOL LANDINGS 


Type 

and 

of approach 
conditions 

Time from 
4572 m 
(15,000 ft) 
downrange , 
sec 

Excess time 
over ideal, 
sec 

Touchdown 
rate of 
descent , 
m/sec (ft/sec) 

Touchdown 
dispersion 
error, 
m (ft) 

-3° 

curved 

190 

46 

0.515 

(1.69) 

8.52 

(27.95) 

-3° 

curved 

194 

50 

.399 

(1.31) 

5.47 

(17.94) 

-3° 

curved W+T+EF 

192 

48 

.671 

(2.20) 

4.19 

(13.75) 

-3° 

curved W+T+EF 

168 

24 

.911 

(2.99) 

3.90 

(12.80) 

-6° 

curved 

133 

22 

.786 

(2.58) 

2.31 

(7.58) 

-6° 

curved 

153 

42 

.783 

(2.57) 

5.60 

(18.36) 

-6° 

curved W+T+EF 

147 

36 

1.055 

(3.46) 

7.73 

(25.72) 

-6° 

curved W+-T+EF 

126 

15 

1.911 

(6.27) 

.74 

(2.42) 

-6° 

curved W+T+EF 

147 

36 

.683 

(2.24) 

3.16 

(10.36) 

-6° 

curved W+T+EF 

117 

6 

1.094 

(3.59) 

4.78 

(15.69) 

-9° 

curved 

122 

22 

1.155 

(3.79) 

3.00 

(9.84) 

-9° 

curved 

131 

31 

.847 

(2.78) 

2.88 

(9.46) 

-9° 

curved 

127 

27 

.985 

(3.23) 

7.87 

(25.83) 

-9° 

curved W+T+EF 

143 

43 

1.149 

(3.77) 

10.20 

(33.45) 

-9° 

curved W+T+EF 

133 

33 

.933 

(3.06) 

.72 

(2.36) 

-9° 

curved W+T+EF 

119 

19 

.643 

(2.11) 

.87 

(2.85) 

-3° 

straight 

126 

20 

.515 

(1.69) 

1.54 

(5.04) 

-3° 

straight W+T+EF 

118 

12 

.957 

(3.14) 

.71 

(2.32) 

-6° 

straight 

151 

45 

.710 

(2.33) 

4.24 

(13.92) 

-6° 

straight 

133 

27 

.981 

(3.22) 

3.12 

(10.22) 

-6° 

straight 

124 

18 

1.417 

(4.65) 

2.12 

(6.95) 

-6° 

straight W+T+EF 

161 

55 

.680 

(2.23) 

2.83 

(9.29) 

-6° 

straight W+T+EF 

142 

36 

.765 

(2.51) 

2.07 

(6.78) 

-6° 

straight W+T+EF 

118 

12 

1.161 

(3.81) 

9.90 

(32.47) 

-9° 

straight 

144 

38 

.408 

(1.34) 

2.66 

(8.74) 

-9° 

straight 

120 

14 

.951 

(3.12) 

3.05 

(10.01) 

-9° 

straight W+T+EF 

131 

25 

.860 

(2.82) 

2.19 

(7.18) 



Mean 


30 

.887 

(2.91) 

3.94 

(12.94) 



Standard deviation 

13 

.314 

(1.03) 

2.71 

(8.88) 


Note: W = 15-knot sidewind 

T = 1.52-m/sec (5-ft/sec) turbulence 
EF = Engine failure 
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Figure 1.- Ideal state rate feedback implicit model following (SRFIMF) con 

troller. 



Figure 2.- Physically realizable SRFIMF position controller 
























Disturbances 



Figure 7.- Response feedback position controller. 



Real 

Figure 8.- Typical root loci for characteristic equation 



(s + — ^ (s 2 + bs + c) 


1 + 


0 









cj, rad/sec 


Figure 10.- Comparison of frequency response of vehicle with response feed- 
back controller and SRFIMF position controller. 
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Figure 13.- Simulated lift- 



Note: Engine/fan pairs 
1 and 6, 2 and 5 and 3 and 4 
are interconnected with hot 
gas ducts. 


V/STOL transport. 




Figure 14.- SRFIMF attitude flight controller. 



















Flight path 
controller 





Figure 15.- 


SRFIMF flight-path controller. 
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Figure 17.- Lift-fan transport master power management controls (MKl). 



Figure 18.- Lift-fan transport master power management controls (MKl) 
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Vernier velocity proportional 
control 


Transition (T) lever 


Velocity command (VC) lever 

Thumb wheel proportional control 
(center detent) 


Power (P) lever 


Direct force proportional 
control 


T lever rate command 
and clutch switch 


Detent 



Spring loaded stop 
and clutch disengagement 
switch 


c 


Detent 


Active region 


/ 




□ 


Vertical velocity ft/min 


o 

o 

o 


o 

o 

o 


Figure 19.- Lift-fan transport master power management controls (MK2) . 
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Figure 20.- Lift-fan transport master power management controls (MK2) . 
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CM 

00 


All cases start from hover 


Lateral velocity command 
using roll attitude 

. operated from the stick 




5 

0 

-5 

25 

0 


-25 


1 

0 


-1 


c 


Lateral velocity command 
using thrust deflection 



8 


c 


Roll attitude command with 
lateral velocity command (using 
thrust deflection) engaged 



Figure 26.- Comparison of two methods of lateral velocity command (see 
table 4) ; roll response with lateral velocity controller engaged. 


ft/sec 



velocity, 

m/sec 







Figure 28.- Cockpit instrument panel (left side) . 



Figure 29.- Cockpit instrument panel (right side). 





14.9s + 1 


y = localizer error 
^RW = localizer heading 
A<Pq = flight director command 
(figures 30 and 31 ) 



i20.0 deg 


Figure 32.- Lateral flight director. 

. i IALTU = 1 Horizontal velocity command 
witc con itions ^ IALTU = 0 Horizontal acceleration command 


IALTU = 1 Horizontal velocity command 
IALTU = 0 Horizontal acceleration command 



-X-\ 


(5 ft/sec^) 


±3.05 m/sec^ 
{+10 ft/sec^) 


V XR = required horizontal velocity 
V x = aircraft horizontal velocity 

= required horizontal acceleration 
V XC = flight director command (figure 30) 

V X C “ f| i ght director command (figure 31) 

Figure 33.- Horizontal flight director. 
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■Mill ■■Ilia ■muni 


tip = required altitude 

h = aircraft altitude 

lip = required vertical velocity 

hp = required vertical acceleration 

lig = flight director command (figures 30 and 31) 


±1.52 m/sec^ 
(±5 ft/sec^) 



Figure 34.- Vertical flight director. 
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Curved approach path 



Increasing Reducing 

decel. decel. 



Constant 
rate of 
descent 


— t- Increasing 
— decel. 


Constant 

decel. 


. Reducing 
'decel. 


Hover 


120 knots horiz. 
vel. 


Increasing 

decel. 


Constant deceleration 


Reducing 

decel. 


Figure 35.- 


Types of VTOL approach path. 
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Distance to touchdown point 


(a) Parameters as functions of distance to touchdown point 
Figure 36.- Curved VTOL landing approaches. 




























Figure 39.- Ames six-degree-of-f reedom moving base simulator. 
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Pilot rating 


□ Sideslip angle command 
O Yaw rate command with bank angle feedback 

As above with 15 knot wind and 1 .52 m/sec (5 ft/sec) turbulence 



Hover 30 60 90 

Speed, knots 


Improvement 

mandatory 



Deficiencies 

require 

improvement 


Deficiencies 

warrant 

improvement 


Satisfactory 

without 

improvement 


Figure 41.- Fixed-operating-point handling qualities (±10° banked turns to 

change heading by ±40°). 
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Duplexing key 
Spikes identified on right 
Dwells identified on left 


Sideslip angle command 


—Il—io sec 



-i h 10 sec — I 1 — 10 sec 



Calm air 


1 5 knot wind 1 5 knot wind and 1 .52 m/sec (5 ft/sec) 

rms turbulence 


Yaw rate command with bank angle feedback 



Calm air 


1 5 knot wind 


15 knot wind and 1 .52 m/sec (5 ft/sec) 
rms turbulence 


Figure 42.- Comparison of two types of yaw controller modes in steady 10° 

banked turns . 
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Longitudinal load Lateral Longitudinal load Lateral 

factor at pilot, velocity, factor at pilot, velocity, 

n xp' 9 V y , m/sec n g y m / sec 




I I Sideslip angle command 

O Yaw rate command with bank angle feedback 

As above with 15 knot wind and 1.52 m/sec (5 ft/sec) turbulence 
Note: Below 20 knots both types of yaw controller mode become yaw rate command with heading hold. (Table 4) 


10 I- 


Improvement 

mandatory 


9 h 


I Deficiencies 
/ require 
I improvement 


o 

0 


1 L _!_ 

Hover 





Speed, knots 


| Deficiencies 
> warrant 
I improvement 


{ 


I Satisfactory 
> without 
1 improvement 


/ 


Figure 43.- 


Fixed-operating-point handling qualities 


overall . 
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Initial conditions — hover, 30.5 m (100 ft) long, lat and vert from landing pad 
Q Still air 

® 15 knot sidewind and 1 .52 m/sec (5 ft/sec) turbulence 


10 1 - 


Improvement 

mandatory 


8 I — 


Deficiencies 
y require 

improvement 


o 

£ 5 | 


o 


Deficiencies 
y warrant 
improvement 


Satisfactory 

without 

improvement 


i 



0 #— 

Attitude 

Deflected 

Translational 

Translational 

command 

thrust 

velocity 

velocity 

operated 

command 

command 

command 

from stick 

operated 
from thumb 
controller 
on P lever 

using 
deflected 
thrust 
operated 
from thumb 
controller 
on VC lever 

using 
attitude 
operated 
from stick 


V 

Direct force 
control 


Velocity control 


Figure 45.- Precision hover task - translate aircraft horizontally to landing 

pad as indicated on electronic display. 
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Zeroing lateral flight 
director with lateral 
stick 


Initial conditions! 
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15 knot sidewind from north. 1 .52 m/sec (5 ft/sec) rms turbulence 

T V— ■::= =»> East 


31.1 8 9 10 94.0 
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Establishing longitudinal 
deceleration with thumb 
control 

i — : — : — 


attitude with pitch trim 
button 


-6.1 6 7 8 96.5 

Vect - L ^j — L rpm 

1°-| K)r2 

10 - —10 
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0 " — I -0- 1 — - 0 
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See continuation 
\ sheet for this 

region in detail 
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Thumb control 
VC lever 

b 

X/ y Fwd 


| First view of landing 
pad 


Reference flight path 
Actual flight path 



(a) Overall view of approach and landing. 

Figure 46.- Display and flight-path controls (MK2) during typical -6° curved approach and landing. 
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f~l Curved, no wind or turbulence 

Q Curved, 15 knot sidewind, 1.52 m/sec (5 ft/sec) turb, engine failure 
^ Straight, no wind or turbulence 

# Straight, 15 knot sidewind, 1 .52 m/sec (5 ft/sec) turb, engine failure 


Improvement 

mandatory 


I Deficiencies 
> require 
I improvement 


7 


o 
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5h 
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Deficiencies 

warrant 

improvement 
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Satisfactory 

without 

improvement 




Initial approach angle, deg 
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Figure 47.- Approach and vertical landing 


(IFR zero-zero, MK2 controls). 
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Vertica 
factor a 



Lateral load Lateral velocity Lateral flight 

factor at pilot, V y , m/sec director output, 












Duplexing key 

Spikes identified on right 

Dwells identified on left 


>ulence 



vertical landing. 
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Duplexing key 
Spikes identified on right 
Dwells identified on left 


15 knot sidewind from north, 1.52 m/sec (5 ft/sec) rms turbulence 
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APPENDIX A - FLIGHT CONTROLLER AND CONTROL-SYSTEM ACTUATORS 



NOMENCLATURE FOR APPENDIX A 

DB m deadband in horizontal tailplane actuator 

HT horizontal tailplane rotation rate 

horizontal tailplane incidence measured from airplane waterline, posi- 
tive for leading-edge up 

position limit in elevator actuator output 

LM Ar3 position limit in rudder actuator output 

position limit in spoiler actuator output 

LA? position limit in cascade louvers and hood rotation actuator output 

Lti 

LM um position limit in horizontal tailplane actuator output 
HI 

LM wr> pitch trim limit 

LMp rate limit in P and T lever servo actuator prefilters 

TR pitch trim rate gain 

£ P and T lever servo actuator prefilter damping factor 

time constant of elevator and rudder actuators 

r AC2 ti- me constant of spoiler, cascade louver, wing louver, and hood 
rotation actuators 

horizontal tailplane input signal prefilter time constant 
P and T lever servo actuator prefilter undamped frequency 


96 



The numerical values of the parameters used in the attitude flight con- 
troller shown in figure 14 are given in tables 14, 15, and 16. 

TABLE 14.- PITCH ATTITUDE CONTROLLER PARAMETERS 


Parameter 

Symbol 

Value 

Pitch attitude feedback gain 

4, 

4.0 1/sec 2 

Pitch rate feedback gain 

*0 

3.0 l/sec 

Basic feedforward gain 

X 100 

11.717 rad/sec 2 m (0.2976 rad/sec 2 in.) 

Controller feedforward gain 

X 200 

0.50 rad/sec 2 m (0.0127 rad/sec 2 in.) 

Controller coupling gain 

V 

ooo 

0.0178 sec 2 m/rad (0.7 sec 2 in. /rad) 

Controller time constant 

T 9 

0.03 sec 

Elevator actuator input gain 

^500 

839.9 deg/m (21.333 deg/in.) 

Longitudinal stick deadband 

DB Sr 

i 0 

lm k 

6j 0 

LM ea 

0.0013 m (0.05 in.) 

Longitudinal. stick limits 

0.1156 m (4.55 in.) 

Controller coupling limiter 

1.3393 rad/sec 2 
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TABLE 15.- ROLL ATTITUDE CONTROLLER PARAMETERS 


Parameter 

Symbol 

Value 

Roll attitude feedback gain 


4.0 1/sec 2 

Roll-rate feedback gain 


3.0 1/sec 

Basic feedforward gain 

4 

16.402 rad/sec 2 m (0.4166 rad/sec 2 in.) 

Controller attitude feed- 

k 2 

11.083 rad/sec 2 m (0. 2815 rad/sec 2 in.) 

forward gain 



Controller rate feedforward 

K k 

-13.772 rad/sec 2 m (-0. 3498 rad/sec 2 in.] 

gain 



Controller coupling gain 

K s 

0.0127 sec 2 m/rad (0.5 sec 2 in. /rad) 

Roll attitude hold stick 

te: 

-©■ 

18.323 rad/sec 3 m (0.4654 rad/sec 3 in.) 

integrator gain 


Controller time constant 

t 8 

0.05 sec 

Roll attitude authority 

LM 
<j )H 

3.141 rad/sec 2 

limit 


Controller coupling limit 

LM, 

d>o 

1.875 rad/sec 2 

Spoiler actuator input gain 


2519.7 deg/m (64.0 deg/in.) 

Lateral velocity cont (LVC) 

*6 

160 1/sec (13.333 ft/sec in.) 

input gain 



Lateral velocity feedback 

K V 

1.57 1/sec 2 

gain 


Lateral acceleration com- 

K V 

1.76 1/sec 

pensation gain 


LVC compensator time 

T 1 

-1.6667 sec 

constant 



LVC compensator time 

T 2 

1.0 sec 

constant 



LVC coupling gain 

*0 

27.51 rad/sec 2 m (0.6988 rad/sec 2 in.) 

LVC coupling gain 

*9 

0.0111 sec 2 (0.1335 sec 2 in. /ft) 

LVC compensator limit 

LM 

VO 

10.278 m/sec 2 (33.719 ft/sec 2 ) 

Lateral stick deadband 

DB& I« 

0.0013 m (0.05 in.) 

Lateral stick limit 

r ./0 

lm 8 

0.1156 m (4.55 in.) 
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TABLE 16.- YAW ATTITUDE CONTROLLER PARAMETERS 


Parameter 

Symbol 

Value 

Yaw attitude feedback gain 

K 

4.0 l/sec 2 

Yaw-rate feedback gain 

K: 

Ip 

3.0 1/sec 

Basic feedforward gain 

* 10 

4.543 rad/sec 2 m (0.1154 rad/sec 2 in.) 

Controller rate feedforward 

*20 

20.83 rad/sec 2 m (0.529 rad/sec 2 in.) 

gain 


Controller coupling gain 

O 

CO 

0.0508 sec 2 m/rad (2.0 sec 2 in. /rad) 

Heading hold stick inte- 

K. n 

8.457 rad/sec m (0.2148 rad/sec in.) 

grator gain 


Turn coordination assist 
gain 

-e- 

32.2/7 1/sec 

A 

Controller time constant 

T 7 

0.05 sec 

Rudder actuator input gain 

o 

in 

-1574.8 deg/m (-40.0 deg/in.) 

Cascade louver actuator 

*7 0 

839.9 deg/m (21.333 deg/in.) 

input gain 


Hood rotation actuator gain 

*80 

839.9 deg/m (21.333 deg/in.) 

Sideslip angle feedback gain 

K S 

4.0 1/sec 2 

Sideslip controller (SC) 

*6 

3.0 1/sec 

comp . gain 


SC input gain 

*6 0 

-6.343 rad/m (-0.1611 rad/in.) 

SC coupling gain 

*9 0 

1.466 sec m/rad (57.71 sec in. /rad) 

SC coupling limiter 

LM, 

ipc 

0.375 rad/sec 

Rudder pedal integrator 
deadband 

d \h 

0.0038 m (0.15 in.) 

Rudder pedal deadband 

DB s r 
1 '\> 
LM <$ 

0.0127 m (0.05 in.) 

Rudder pedal limits 

0.0838 m (3.30 in.) 

Wing louver actuator gain 

4> 

*4 0 

-839.9 deg/m (-21.333 deg/in.) 

SC time constant 

T 6 

0.333 sec 
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The phase-out gain, Kg , used in both roll and yaw channels, is a function 
of the horizontal inertial speed, 7^ (see fig. 50). 



Figure 50.- Variation of phase-out gain with horizontal inertial velocity. 


The input-output characteristics of the spoiler cam, shown in the roll 
system (fig. 14), are given in figure 51. This spoiler cam is used to make 
the rolling moment, at a given airspeed, approximately proportional to the 
cam input. 

The actuators for the elevators, spoilers, cascade louvers, aft hoods, 
and rudder are represented by the block diagram shown in figure 52. The time 
constants and position limits of the various actuators are defined in table 17 
and the corresponding values are given in table 18. 

The pilot's pitch trim switch biases the input from the stick at a con- 
stant rate (see fig. 53). Values of the parameters shown in figure 53 are 
given in table 18. 
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Spoiler cam output ~ deg 



I- 




Input 


Output 



Figure 52.- Actuator model. 


TABLE 17.- ACTUATOR NOTATION 


Actuator 

Time constant ^ 

Position limit 

Elevator 

T AC1 

±lm ae 

Rudder 

t ac 1 

±lm ae 

Spoiler 

r AC2 

±lm as 

Cascade louver 

T ACZ 

±lm ch 

Hood rotation 

T AC2 

±lm ch 

Wing louver 

T AC2 

±lm ch 


L M 


( ) 


TABLE 18.- ACTUATOR PARAMETERS 


Parameter 

Symbol 

Value 

Elevator actuator position limit 

lm ae 

20.0 deg 

Rudder actuator position limit 

lm ar 

30.0 deg 

Spoiler actuator position limit 

lm as 

60.0 deg 

Cascade louvers and hood rotation limit 

lm ch 

16.0 deg 

Elevator and rudder actuator time 

t AC l 

0.05 sec 

constant 


Spoiler, cascade louver, and hood 

T AC2 

0.1 sec 

rotation actuator time constant 


Tailplane position limit 

lm ht 

10.0 deg 

Tailplane rate 

HT 

1 deg/sec 

Pitch trim limit 

lm tr 

0.114 m (4.5 in 

Pitch trim rate 

TR 

0.0229 m/sec (0 

Tailplane deadband 

DB HT 

2 deg 

Tailplane prefilter time constant 

t ht 

2.0 sec 

. — - - - ■ ■ - - - 

- - - - — * - - — - 
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Figure 53.- Pitch trim actuator model. 


The tailplane is arranged to move automatically, at a constant rate, in a 
direction such that the elevator angle to trim a given maneuver is reduced to 
zero in the steady state. The tailplane actuator is shown in figure 54. The 
values of the parameters shown in figure 54 are given in table 18. 



1 



LE 


r HT s + 1 


Hi 



± db ht 


'HT 




Figure 54.- Tailplane actuator model. 


The numerical values of the parameters used in the flight-path flight 
controller (fig. 15) are given in tables 19, 20, and 21. 

The "throttle gearing" (referred to in fig. 15) is a device used to 
obtain a roughly constant change in thrust per unit change in power lever 
displacement. Throttle gearing is shown in figure 55 as a schedule of com- 
manded engine speed as a function of the vertical flight controller output 
i y . The prefilters (referred to in fig. 15) are used to provide control over 
the motion of the P and T levers, when driven by the flight controller output. 
Figure 56 is a block diagram showing the rate limited second-order prefilter 
used in the simulation. The values of the prefilter parameters are given in 
table 22. 
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TABLE 19.- VERTICAL-AXIS CONTROLLER PARAMETERS 


Paramete r 

Vertical velocity feedback gain 

Controller compensation gain 

Controller input gain 

Controller coupling gain 

Controller time constant 

Controller upper coupling limit 

Controller lower coupling limit 

Pilot's control deadband 

Pilot's control limit (6^) 

Pilot's control limit (6 y#.) 


Symbol Value 

Kyj 1.57 1/sec 2 

Kfi 1.76 1/sec 

0.152 m/sec % (0.5 ft/s ec %) 

K 3w -32.81 sec 2 %/m (-10.0 sec 2 %/ft) 

i w 0.3 sec 

LMyg 0 m/sec 2 (0 ft/sec 2 ) 

LU„ r -2.606 m/sec 2 (-8.55 ft /sec 2 ) 


ote: % refers to % of appropriate design maximum control input (fig. 15). 


TABLE 20.- HORIZONTAL (LONGITUDINAL) AXIS CONTROLLER PARAMETERS 


Parameters 

Symbol 

Value 

Horizontal velocity feedback gain 

K u 

1.57 l/sec z 




Controller compensation gain 

K u 

1.76 1/sec 




Controller input gain (velocity 

K 2 U 

0.686 m/sec % 

(2.25 

ft/sec 

%) 

command mode) 





Controller input gain (accelera- 

K 2u 

0.0152 m/sec 2 

% (0.05 ft/sec 2 %) 

tion command mode) 





Vernier velocity command input 

^2V 

0.0914 m/sec % 

(0.3 

ft/sec 

%) 

gain 

v x 





Controller coupling gain 

*3 M 

3.281 sec 2 %/m 

(1.0 

sec 2 %/ft) 

Controller time constant 

T u 

0.15 sec 




Controller lower coupling limit 

lm lc x 

lm lc 2 

0 m/sec 2 (0 ft/sec 2 ) 



Controller upper coupling limit 

28.854 m/sec 2 

(78.261 ft/sec 2 ) 

Vernier force command gain 

K 

XV 

0.1 deg/% 




Pilot's control deadband (6 • ) 

v x 

DB 

5% 




LM i. 

V 

X 

BM 

100% 




Pilot's control limit (6* ) 

v x 

Pilot's control limit (6 ) 

v x 

100% 




Pilot's control lower limit 

LM „ 

0% 










Pilot's control upper limit 

LM 

100% 




u tl 

^2 





Pilot's control limit (X ) 

XV 

LMj. 

100% 




XV 





Note: % refers to % of appropriate design 

maximum control 

input 

(fig. 

15). 
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TABLE 21.- HORIZONTAL (LATERAL) AXIS CONTROLLER PARAMETERS 


Parameter 

Symbol 

Value 

Lateral velocity feedback gain 
Controller compensation gain 
Controller input gain 
Controller coupling gain 
Controller time constant 
Controller coupling limit 
Direct force command gain 
Pilot's control limit (6 . ) 

y 

Pilot's control limit (1^) 

K 

V 

K * 

V 

K * V y 

hv y 

T 

V 

lm lc 

k yv 

LM 

\ 

LM 

1 YV 

1.57 1/sec^ 

1.76 1/sec 

0.0914 m/s ec % (0.3 ft/sec %) 
0.00781 sec 2 (0.09375 in. sec 2 /ft) 
0.1 sec 

0.174 m/sec 2 (5.0 ft/sec 2 ) 
1.191xl0- 4 m/% (4. 688x10“ 3 in./%) 

100% 

100% 


Note: % refers to % of appropriate design maximum control input (fig. 15). 


TABLE 22.- P AND T LEVER SERVO ACTUATOR PREFILTER PARAMETERS 


Parameter 

Symbol 

Value 

Undamped natural frequency 

“o 

3 rad/sec 

Damping factor 

C 

0.7 

Rate limit 

lm f 

30% of max input/sec 
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Engine rpm ~ % of design 
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APPENDIX B - ENGINE AND FAN MODEL 


NOMENCLATURE FOR APPENDIX B 


F (.k — 1 , 2 6 ) 

N k 


F 

NT k 

/— \ 
11 

H 1 

, 2 . . 

6) 

Frr, <* = 

k 

2 . . . 

, 6) 

F 

TT k 

(fe = 1: 

, 2 . . 

., 6) 

p 

TFR ’ 

F 

TWR ’ 

F 

TAR 


F 

TFL ’ 

F ■ 
TWL ’ 

F . 
TAL 


F 

TTSS 

> • 




HP, (k = 1, 2 .... 6) 


1 , 2 . . . , 6 ) 

1 , 2 . . . , 6 ) 


HP 


SS 


P 


K. 


ESP 1 


if. 


EVA 1 


if. 




if. 




K tt (k = 
12 k 


if. 


SLOPE 


LM. 


EVP 


LM, 


EVR 


N 


GI 


fan thrust due to fan rotor 
total fan thrust before spoiling 
total fan thrust after spoiling 
tip turbine thrust 

total thrust of the forward-right, wing-right, and 
aft-righ,t fans 

total thrust of the forward-left, wing-left, and 
aft- left fans , 

steady-state value of tip turbine thrust 
tip turbine gas horsepower 

t 

steady-state tip turbine gas horsepower 
fan rotor polar moment of inertia 
engine number (fig,. 13) 
thrust spoiler actuator input gain 
ETaC valve actuator input gain 

forward branch gain in thrust spoiler and ETaC valve 
actuators 

fan thrust spoiler coefficient 

horsepower coefficient compensation for engine 
failures 

tip turbine thrust coefficient compensation for 
engine failures 

slope of thrust spoiler curve 

ETaC valve actuator position limit 

ETaC valve actuator rate limit 

engine RPM command 
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• • • f 


N r (fc » 1, 2 
G k 

N p (fe = 1, 2 . . . 
F k 

T„ (k = 1, 2 . . . 

F k 

T mm (k ~ 1 » 2 • • 

12 k 

M 

AC. (i = <j>, 6) 

AC 

^fwd' ^wing’ n aft 

n Uft 

n LC 

t eng 

t dct 


6) engine RPM 

6) fan rotor RPM 

6) fan torque 

6) tip turbine torque 

ETaC valve area change 

ETaC value input 

fan thrust spoiler actuator output 

nozzle efficiencies (to account for variation in 
thrust recovery) 

efficiency (to account for thrust variations due to 
backward-facing engines) 

efficiency (to account for effect of airspeed on 
lift/cruise fans) 

engine time constant 

duct gas-flow time constant 
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The simulated VTOL aircraft has six identical engine/fan lift units, one 
of which is shown schematically in figure 57. The input quantities to each 
engine/fan unit are the commanded engine RPM, Nqj> and the attitude control 
commands. The attitude control commands to the engines on the aft-right, aft- 
left, forward-right, forward-left, left wing, and right wing are ACq , ACq, 

-A Cq, -A Cq, -AC^, and AC^, respectively. 

The ETaC valve actuator model is shown in figure 58 and the fan thrust 
spoiler model, in figure 59. The operation of the thrust spoiler is illus- 
trated in figure 57. The output of the thrust spoiler actuator is multiplied 
by the thrust spoiler factor. Kg, to produce the total fan thrust. The thrust 
spoiler factor, Kq, as a function of A S, is shown in figure 60, and the gains 
and limits (figs. 58 and 59) are given in table 23 and figure 61. 


Provision is made for the simulated failure of the left-wing engine 
(number 3) and the right-aft engine (number 6) . Engine failure is simulated 
by a change in the tip turbine horsepower coefficient, Kpp^, and the tip tur- 


bine thrust coefficient, K> 


■TT- 


y 


for both the failed engine and the engine con- 


nected to it. 


The logic used for changing Kpp and Kpp , following an engine 

K K 


failure, is shown in figure 62. 
2, 4, and 5 are always unity. 


The coefficients Kup and Kmp for engines 1, 


Engine and duct lags are simulated using linear transfer functions 
(fig. 63). The values of the time constants shown in figure 63 are given in 
table 23. 


The curves marked HPqq 


and Fpp 

SS 


(fig. 57) represent the variation of 


steady-state tip turbine horsepower and thrust, with ETaC valve area change, 
for various engine speeds. The HPgc; and Fpp curves are given in detail in 
figures 64 and 65 . 


The equations for fan thrust and fan torque as functions of fan speed are 
listed in table 24. 


The fan thrust is added to the tip turbine thrust and the resulting quan- 
tity is multiplied by the thrust spoiling factor to obtain the fan thrust out- 
put for each of the six fans. The thrust outputs of the forward, wing, and 
aft fans are multiplied by the nozzle efficiencies n fwd' h wing an ^ h aft* 
respectively, to represent the effects of the various thrust deflection sys- 
tems. The thrust of each lift fan is multiplied by an additional efficiency 
to account for the reduction in thrust, with increasing forward speed, 
because of aft-facing engine air inlets. The lift-cruise fan thrust is multi- 
plied by a factor r\pQ to account for the increase in thrust due to the ram air 
effect on the forward-facing engine inlets. The thrust efficiency relation- 
ships are summarized in table 25. 

The final thrust output from each of the engine/ fan units is used, in the 
force and moment model in appendix C, to compute the overall engine and fan 
forces and moments acting on the aircraft. 
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Figure 57.- Typical engine/fan flow diagram. 














Thrust spoiler factor, 
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Figure 58.- ETaC valve actuator model. 


Input 



Figure 59.- Thrust spoiler actuator model. 



AS, deg 


Figure 60.- Fan thrust spoiler curve. 
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ETaC valve position limit ~ % (LM^yp 


I 


16 


14 h 


12 h- 


10 


8 h 


6 h 


4 k- 


2 \~ 


0 I 
84 



J I | I 

88 92 96 100 

Engine speed ~ % (Nq) 

Figure 61.- ETaC valve position limit. 
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TABLE 23.- ENGINE AND FAN PARAMETERS 


Parameter 

Symbol 

Value 

Engine time constant 

X ENG 

0.0763 sec 

Duct flow time constant 

t duct 

0.045 sec 

Fan polar moment of inertia 

T P 

26.44 kg m 2 (19.5 slug ft 2 ) 

ETaC valve actuator input gain 

k eva\ 

629.9 %/m (16.0 %/in.) 

ETaC valve actuator forward gain 

K EVA3 

629.9 %/m (16.0 %/in.) 

Thrust spoiler actuator input gain 

K ESP1 

629.9 %/m (16.0 %/in.) 

ETaC valve actuator position limit 

lm evp 

(See figure 65) 

ETaC valve actuator rate limit 

lm evr 

112.5 %/sec 

Slope of thrust spoiler curve 

k slope 

-0.03 1/deg 


Note: % refers to % of maximum flow area in vicinity of ETaC valve. 
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Engine 
no. 3 


Engine 
no. 6 



Note: Engine failures are simulated only for engines no. 3 (left wing 
tip) and no. 6 (right aft fuselage) 


Figure 62.- Engine failure logic. 


Engine lag 


Duct lag 


HP SS or F TTSS ■ 



Figure 63.- Engine and duct lags. 


117 















Steady state tip turbine stream thrust, F-j-p, 



Figure 65.- Steady-state tip turbine stream thrust. 
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TABLE 24.- FAN THRUST AND TORQUE EQUATIONS 


F„ = 2445 
N k 


/ N \ 2 .1541 . , N \ 2 .1541 

N | 549 - 81 (i^j ] 


/^p \ 2,1298 'AV 

‘°(l000y Nm 627.16 ^ 1000 y 


N„ \ 2.1298 


T v = 850 
F k 


Note: is the RPM of the ktb. fan. 

F k 


lb ft 


TABLE 25.- GROSS THRUST EFFICIENCY FACTORS 


F 

TFL 

— 

n fad n lift F T ( ' 1 ' ) 

F 

TFR 

= 

^fud Hi ft F T (2) 

F 

TWL 

= 

\ing Hi ft *V (3) 

F 

TWR 

= 

Hing Hi ft F T ^ 

F 

TAL 

= 

n aft n LC F T (5) 

F 

TAR 

= 

A aft n LC F T (6) 

n „ . 

_ 

0.98079 

jwd 

n • 

- 

1.0 

w%ng 

n aft 

= 

0.92314 i; HD < 70 


= 0.65413 + 0.003843 r; 70° < t; HD < 90° 

= 1 -° 90° 

= 1.0 - 738. 2xl0 -6 £/ r , - 2.69x10”% 2 (U u in m/sec) 

D D D 

- 1.0 - 225x10 ~ 6 U b - 0.25x 10 _6 (7 5 2 (£/ g in ft/sec) 

= 1.0 + 15.91xl0" 4 i/ B + 6.73xl0“% g 2 (Z7 in m/sec) 

= 1.0 + 4.85xl0 -4 £/„ + 0. 625x10”% 2 (£/„ in ft/sec) 

D D D 
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APPENDIX C - PROPULSION SYSTEM FORCE AND MOMENT COMPUTATION AND RESOLUTION 
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NOMENCLATURE FOR APPENDIX C 


iFj zWj ’ ^AJ 
i = X, I, Z 
3 = i?(right) , L(left) 


body axes coordinates of forward, wing, and aft 
fan thrust application points 


., F . T1 ., F .. . 

^Fy , FWq' %Aq 

i = X, Y, Z 
3 = i?(right), L(left) 


body axes thrust components of forward, wing, and 
aft fans 

thrust vectoring actuator forward gain 


engine number (fig. 13) 


V M F* n f 


moments produced by fan thrust about x, y, and z 
body axes 


l ram ’ m ram’ n ram 


moments produced by ram drag forces about x, y, 
and s body axes 


forward cascade actuator rate limit 


wing cascade actuator rate limit 


HD RAT 
LP, LR , TV 


hood actuator rate limit 

ram drag rolling moment due to roll rate, yaw rate, 
and y body axis speed 


M„., M ., M. . 

Fj’ Wj’ Aj 

j = i?(right) , L(left) 


air mass flow through front, wing, and aft fans 


MQ , MU, MW 


ram drag pitching moment due to pitch rate, speed 
along x body axis, and speed along z body axis 


NF, NV, NR 


W„ (k = 1, 2, .... 6) 
F k 

^ p* ^ p 


ram drag yawing moment due to roll rate, speed 
along y body axis , and yaw rate 

air mass flow through fan k 

total fan thrust forces acting along x, y , and z 
body axes 


X FE * X WE’ X AE 


body axes x coordinates of forward, wing, and aft 
engine inlets 


X FF’ X WF y X AF 


body axes x coordinates of forward, wing, and aft 
fan inlets 


mi in ■iiiiii iiiib inn mi 1 1 hi mil ■ ■ 



X RAM* X RAM* Z RAM ram drag forces alon 8 x > and 3 bod y axes 

XQ, XU ram drag forces along x body axis due to pitch rate 

and speed along x body axis 

Xpg* ^ fig body axes y coordinate of forward, wing, and aft 

engine inlets 

Yppt Ytfp* y af body axes y coordinate of forward, wing, and aft 

fan inlets 


TP, TR, TV 


ram drag forces along y body axis due to roll rate, 
yaw rate, and speed along y body axis 


Z FE' Z WE' Z AE 


body axes z coordinate of forward, wing, and aft 
engine inlets 


Z FF * Z WF » Z AF 


body axes z coordinate of forward, wing, and aft 
fan inlets 


ZQ, ZW 


ram drag forces along z body axis due to pitch 
rate and speed along z body axis 


ratio of engine air mass flow to fan air mass flow 


*CA 


fixed roll inclination angle of the forward- and 
wing-mounted cascades 
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The thrust of the forward fans is deflected by a rotating cascade system 
shown in figures 66 and 67. The louver angle, a q A , is the lateral thrust 
deflection angle used to obtain both yaw control and direct side-force control. 
The cascade rotation angle, Z CA , is used to deflect the thrust forward and aft 
for transition. 


“CA anc * ^CA an 9 ,es are varied by the controller 
0qa angle is fixed. (40 deg) 



Right cascade rotation 
axis (rotation angle, 
is positive for clockwise 
rotation when viewed from 
below) 


Left cascade rotation 
axis (rotation angle, ' s • 
positive for CCW rotation when 
viewed from below) 


Figure 66.- View of the forward fans (looking aft). 
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Figure 67.- Side view of the forward left engine and fan. 


The thrust of the aft fans is deflected by a rotating hood assembly shown 
in figures 68 and 69. The hood rotation angle, Yflp, is the lateral thrust 
deflection angle used for both yaw control and direct side-force control. The 
hood extension angle, is used to deflect the thrust forward and aft for 

transition. 

The thrust of the wing fans is deflected by a rotating cascade system 
identical to that used for the forward fans (see fig. 70). The louver angle, 
a f/j, is the lateral thrust deflection angle used for direct side-force control. 
The cascade rotation angle, is used to deflect the thrust forward and 

aft for transition. 

The output from the horizontal (longitudinal) controller, is used 

to drive the forward cascades, wing cascades, and aft hood through angles 
ZCA’ ? WI » anc * *=HD> respectively. To ensure that the pitching moment remains 
small as the total thrust vector is deflected from full-forward to full-aft, 
the thrust deflection systems must be driven through suitable nonlinear gear- 
ing (fig. 15). A suitable set of gearing functions is shown in figure 71. 

The model of the cascade and hood actuators is shown in figure 72. The 
numerical values of the actuator parameters (fig. 72) are given in table 26. 
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Hood centerline plane is shown in vertical (A) and deflected (B) position. 

Position B corresponds to positive 7 hd ang!e. 

For the right aft fan, positive 7 HD ' s obtained with the same direction of hood rotation. 


Figure 68.- Aft left engine and fan (looking aft) 





Figure 70.- Thrust vectoring control wing fans (looking aft). 






SCA'^WI' & i"HD ~ de 9 



Figure 71.- Simulated thrust vectoring schedule. 
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Figure 72.- Cascade and hood actuator model. 


TABLE 26.- THRUST- VECTORING ACTUATOR PARAMETERS 


Parameter 

Symbol 

Value 

Thrust-vectoring actuator gain 

k vact 

5 . 0/sec 

Forward cascade actuator rate limit 

lm ca 

100 deg/sec 

Wing cascade actuator rate limit 

LM WI 

100 deg/sec 

Hood actuator rate limit 

LM 

HDRAT 

50 deg/sec 


The force and moment computation and resolution equations are given in 
table 27. The first four equations give the thrust components in the x, y, 
and z airplane body axes of each of the six fans. The last set of six equa- 
tions gives the net forces and moments, about the x , y, and z body axes, due 
to all six fans. 

The fan locations used in the moment equations are given in table 28. 

The ram drag forces and moments are computed from the fan airflow and the 
total linear and angular velocities relative to the air mass. Fan airflow is 
computed as a function of fan speed, and engine airflow is assumed to be a 
constant percentage of the fan airflow. The fan airflow is computed sepa- 
rately, for each of six fans, to permit the simulation of engine failure. The 
ram drag force and moment equations are given in table 29, and the engine and 
fan air inlet locations are given in table 30. 
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TABLE 27.- FORCE AND MOMENT COMPUTATION AND RESOLUTION 
F XFR = F TFR Sln ^CA ~ a CA ^ s ln ? CA 

F YFR = ~ F TFR [stn *CA C ° S( *CA ~ a CA ) " C0S *CA sin( *CA ' a CA )cOS W 

F ZFR = -*W COS +CA COs(<t, CA - W + Sin *CA Sin(<f> CA “ a CA )cOS W 

F XFL = F TFL Sln( +C4 + a CA )sin C GA 

= *W sin ^A cos(<f) CA + a CA } " COS *CA sin( ^CA + a CA )c ° S C CA ] 
F ZFL = ~ F TFL [ cos *CA COs((p CA + a CA ) + sin *CA S±n(<t> CA + a (7A )cOS W 

F XWR = F TWR sin( ^CA " a jy'j )sln ^WI 

F YWR = ~ F TWR [s±ri Va cos(<f> CA " a f/J ) “ C0S ^CA B±Tl <* CA ~ a WI )cOS W 

F Z W R “ "W 008 +CA C ° s( ^A " W + S±n +CA 8ln( +CM " °Vr )co8 W 

F WI = F TWL sin(<t> CA + a f/J )sin Z WI 

F YWL = f m [sin ^A COs(<t> CA + a Wp - COS ^CA sin( ^CA + °Vj )cOS W 
F z WL = “W c ° 8 +CA COs( ^A + ‘W + Sin *CA sin( *CA + Vl )cOS W 

F XA/? = F TAi? sin **HD 


f yar f tar 

sin 

y HD 

COS 

t’HD 

f zar = ~ f tar 

cos 

y HD 

cos 

C HD 

F = F : 

XAL TAL 

sin 

C HD 



F = -F 

YAL TAL 

sin 

y HD 

cos 

C HD 

f zal = ~ f tal 

cos 

y HD 

cos 

k hd 


X F = F XFi? + F XFL + *XJW? + + F XAR + F 'xAL 

y f = f yfr + f yfl + f ywr + f ywl + f yar + f yal 

Z F = F ZFR + F ZFL + F z WR + F ZWL + F ZAR + F ZAL 
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TABLE 27.- Concluded 


e yfr ( ' f zer f zfi? + e ywr ( ' F zwr f zwl ) + E YAR ( ' F ZAR f zai -) 

~ e zfr ( - f yfr + f yfi) ~ E ZAR ( ' F YAR + f yai) ~ E ZWR ( ' F YWR ~ f ywl ? 


M r 


= -E (F + F ) - E (F + F ) - E (F + F ) 
XFR K ZFR ZFL ’ a XWR K *ZWR * ZWL J XAR K ZAR ZAU 


+ E (F + F ) + E (F + F ) + E (F + F ) 
ZFR V XFR XFL ’ ZWR^ XWR XWL J ZAR K XAR XAU 


N t 


= E (F + F ) + E (F + F ) - E (F - F ) 
XFR K YFR YFL 1 XAR K YAR YAU YFR y XFR XFU 


- E (F - F ) - E (F - F ) + E (F + F ) 
YWR y XWR XWL J YAR y XAR XAL J XWR k YWR YWL ’ 


TABLE 28.- COORDINATES OF THRUST APPLICATION POINTS 


Engine/ fan 

Coordinate 

Symbol 

Value 


X 

e xfr 

7.9 m (25.92 ft) 

Front right (no. 2) 

y 

e yfr 

1.65 m (5.42 ft) 


z 

e zfr 

1.24 m (4.08 ft) 


X 

e xwr 

0 m (0 ft) 

Wing right (no. 4) 

y 

E nm 

9.20 m (30.17 ft) 


z 

e zwr 

.79 m (2.58 ft) 


X 

e xar 

-8.56 m (-28.08 ft) 

Aft right (no. 6) 

y 

e yar 

2.46 m (8.08 ft) 


z 

e zar 

-.85 m (-2.79 ft) 
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TABLE 29.- RAM DRAG FORCE AND MOMENT EQUATIONS 
XU = -(1 + A) [M pR + M pL + M wr + M wl + M ar + M al ) 

W = ' *• (Z FF + AZ FF ) ( ' M FR + ' M Fl ) + (Z !7F + AZ WE^ ^WR + %M Wl) + ( ' Z AF + AZ AE ^ ^AH + ' M Aj) ] 
m = ^FF + ( ' M FR + ^FL ) + ( ' X WF + ^ WE ^ ^WR + ^WI? + ( ' X AF + ^ AE ^ ( ' k AR + ' M AI? 

m = -[x RF + z* F + a (X FF + z^ e )]{m fr + m rl ) - [x* p + z^ p + Hx* e + z^ e )](m wr 

+ ^Wl) ~ [ X AF + Z AF + A ^ X AE + Z AE^^AR + Af AL ) 


ZW = XU 


XQ = MU 


ZQ = MW 


LP [ Y FF + Z FF + A( - Y FE + Z FE^ ^ ^FR + ' U FL ) [ Y WF + Z WF + A( ' Y WE + ^E^^WR 

+ Kl? ~ [J AF + Z 1f + A ^F + Z lE )](k A R + Kl) 


NR [ X p F + Y f F + A <*£f + Y f E ~) 1 (M pR + M p[ ) [X^ p + y2 p + A(X^ p + Y^ p ) ] 

+ (k WR + U ut) ~ [X ^ + Y % + A(X ^ + + M /r ) 


WL ' 


AF AF 


AE AE' 


AR AL ' 


LR [X pp Z pF + hX FE Z pE ](M pR + M pL ) + [X WF Z wp + AX^Z^] {M WR + M^) 
+ ^ X AF Z AF + AX AE Z AE^' M AR + k Al) 


NP = LR 


YP = LV = -XQ 


YR = NY = -ZQ 


YV = ZW 


W„ = 56.11 

F k 


’ N r 


1 . 0594 


1000 , 


kg/ sec 


’N t 


1 .0594 


123.7 


1000 j 


lb/sec 


m fl w f x /g 

' M FR = ' W F 2 /g 
' M WL " % /g 


M, 


WR 


= w p !g 


M AL = W F 5 /g 


M 


AR 


19 


RAM 


= L y V R + LP p T + LR r } 


Y RAM = *V v b + H>p t + YR r T 
N RAM =Mv B + NPp T +Mr T 

X RAM = XU U B + X Q 9 t 
Z RAM = ZW W B + ZQ q T 


M. 


RAM 


= MU u R + MW W R + MQ q T 


A = ratio of engine airflow to fan airflow = 0.131 
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TABLE 30. ~ ENGINE AND FAN AIR INLET LOCATIONS 



L3' 


APPENDIX D — AIRFRAME AERODYNAMIC FORCES AND MOMENTS 



NOMENCLATURE FOR APPENDIX D 


J W 


'W 


J D 


'Dt 


' DTO 


R 


'Lt 


' LTO 


'L: 

a 


m 


m 


' MTO 


m • 


wing span 

wing mean aerodynamic chord 


drag coefficient, - 


ST 


qS 2 


W 


drag coefficient of horizontal tailplane 
drag coefficient of airplane less tailplane 


rolling-moment coefficient. 


ST 


« S uPw 


3 CL 


coefficient of rolling moment due to roll rate, 


coefficient of rolling moment due to yaw rate, 


(P Sl^w 1 2V a* 

3 CL 


^s^wliv ^ 

a 

3 CL 


coefficient of rolling moment due to sideslip, 


'l 

36 


3 CL 


coefficient of rolling moment due to rudder deflection, 

ST 


36 


R 


lift coefficient, - 

pS w 

lift coefficient of horizontal tailplane 
lift coefficient of airplane less tailplane 
coefficient of lift due to pitch rate. 


3 C T 


3 


3 CL 


coefficient of lift due to a. 


3(a5 y /27 a ) 

M 

ST 

pitching-moment coefficient, -p - 

q s w°w 

coefficient of pitching moment due to pitch rate, 


3 C 


m 




pitching-moment coefficient of airplane less horizontal 
tailplane 

3 C 

• in 

coefficient of pitching moment due to a, - y»- — , — . 

3 Cae y / 2 F a ) 
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coefficient of pitching moment due to angle of attack 


3 C 


m 


’ 3a 


N 


yawing-moment coefficient, 


ST 


« S vPw 

coefficient of yawing moment due to roll rate, -- 


coefficient of yawing moment due to yaw rate, 


3 C 


n 


^S1^w^ 2v a) 

3 C 
n 


3 (r S ]}> w /2 V a ) 


3 C 


coefficient of yawing moment due to sideslip angle. 


n 


33 


3 C 


coefficient of yawing moment due to rudder deflection. 


n 


36 


R 


side-force coefficient, - 


ST 




w 


3 


coefficient of sideforce due to roll rate. 


coefficient of sideforce due to yaw rate. 


3 (Pc;rpb w /2V a ) 

* c y 

^ST^w / ^ ) 


coefficient of sideforce due to sideslip angle. 


33 


3 C. 


coefficient of sideforce due to rudder deflection. 


y 


36 


R 


distance from airplane center of gravity to 25 percent of mean 
aerodynamic chord of horizontal tailplane, projected on the 
x stability axis 

aerodynamic moments (excluding ram drag effects) about X, y, 
and z stability axes 

total effective airplane rotation rates about x, y, and z 
stability axes 

dynamic pressure, P^ a 2 

horizontal tailplane area 

wing area 

components of the true airspeed along the x, y, and z body axes 
airspeed, u^ 2 + + w^ 2 



X ST* Y ST ’ 


Z 


t 


a ° r Oy 

a 

°i 

e 


AC 


D. 


AC, 




^7 

Iff 

^z« 



Z^y aerodynamic force components (excluding ram drag effects) 
along a:, z/ , and z stability axes 

distance from the airplane center of gravity to the 25 percent 
of mean aerodynamic chord of horizontal tailplane, projected 
on the z stability axis 

W B 

airplane angle of attack, tan -1 — 

U B 

rate of change of angle of attack 

horizontal tailplane angle of attack, a - e , + & 

V Ml 

V B 

airplane sideslip angle, tan -1 — ■■ ■ 

VV + U B 2 

drag coefficient change due to landing gear 
pitching-moment coefficient change due to landing gear 
rolling-moment coefficient change due to spoiler deflection 
yawing-moment coefficient change due to spoiler deflection 
wing flap angle 

downwash angle at the horizontal tailplane 
horizontal tailplane efficiency coefficient 
atmospheric density 
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The lift, drag, and moment coefficients and stability derivatives, rela- 
tive to stability axes, are given in figures 73 to 97. These data are for a 
constant flap setting of 50° , with all lift-fan and engine doors open and all 
six fans running. The coefficients and derivatives are given as functions of 
wing angle of attack a^, defined to be identical with body-axis angle of 
attack a. The figures span an angle-of-attack range of ±90°. To obtain con- 
tinuity of data over the entire angle-of-attack range of ±180°, the curves are 
linearly extended as shown in table 31. The increments in drag and pitching 
moment due to the landing gear are given in table 32. 



Figure 73.- Estimated tail-off lift coefficient (power on). 



Figure 74.- Estimated tail-off drag coefficient 


(power on) . 
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80 


100 


Angle of attack, a, deg 


Figure 75.- Estimated tail-off pitching-moment_coef ficient (note moment 

reference center = c/4). 







Angle of attack, a t , deg 


Figure 79.- Estimated horizontal tail lift coefficient (based on horizontal 

tail area) . 
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Figure 82.- Estimated lift coefficient due to pitch rate. 
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50° 



I 

20 40 60 8< 

Angle of attack, a, deg 

Figure 87.- Estimated sideforce coefficient due to yaw rate. 

A F = 50° 



I I 1 

-80 -60 -40 


I I I L 1 L 

-20 0 20 40 60 80 

Angle of attack, a, deg 


Figure 88.- Estimated rolling-moment coefficient due to yaw rate 











Correction factor for Rolling moment coefficient due to 

angle of attack effect, spoiler defl. at zero angle of attack, 

AC Cs /AC fis ( a = o) ACjjj ( Q = q) 





TABLE 31.- AERODYNAMIC COEFFICIENTS FOR ANGLES OF ATTACK GREATER THAN 90 


Type a: Maintain Type b: Maintain Typec: Slope to 

zero level constant level zero at ±180° 



-180° -90° 

0 90° 180° 

-180° -90° 0 

90° 180° 

-180° -90° 0 90° 

180° 

Figure 

Type 

Figure 

Type 

Figure 

Typ.e 

73 

a 

81 

a 

89 

b 

74 

b 

82 

b 

90 

a 

75 

c 

83 

b 

91 

a 

76 

b 

84 

a 

92 

a 

77 

a 

85 

a 

93 

a 

78 

c 

86 

a 

94 

a 

79 

a 

87 

a 

95 

a 

80 

b 

88 

a 



TABLE 32.- AERODYNAMIC EFFECT OF 

LANDING GEAR 

(INCLUDING DOORS) 



Parameter 

Symbol 

Value 

Drag increment due to gear 


0.0255 

Pitching-moment increment due 
to gear 

AC., 

Af, 

T'Q 

.055 


The equations needed to compute the total aerodynamic forces and moments, 
in stability axes, are given in table 33, along with the equations needed to 
transform these forces and moments to body axes. Note that the equations 
contain angular velocities (pcjy, Ojy, and r>gy) relative to air mass. These 
velocities are the sums of the inertial velocities, computed from the equa- 
tions of motion, and the wind and turbulence velocities. 

The airplane dimensions used in the force and moment equations are given 
in table 1. 
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TABLE 33.- EQUATIONS USED TO CALCULATE AERODYNAMIC FORCES AND MOMENTS 
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APPENDIX E - APPROACH PATH EQUATIONS 


NOMENCLATURE FOR APPENDIX E 


tf 


h. 


h 


H 


“R 

h R , h R 


max 


R 


A 


R 

i 

E C 

R 

t 


B 




'C 


V. 


XR 


’ XR 


max 


V. 


XA 


At, 


reference altitude at point A 

first time derivative of h, 

A 

reference altitude of point H 
reference altitude at ground-range R 
first and second time derivatives of h n 

n 

reference maximum vertical acceleration 

ground range of point A 

ground range of point B 

ground range of point C 

ground range 

time to hover point H 

time from point A to point H 

time from point B to point H 

time from point C to point H 

reference horizontal velocity 

reference horizontal acceleration 

reference maximum horizontal acceleration 

initial horizontal velocity 

initial flight-path angle 

time from point F to point C 
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The types of approach used in the simulation are described in Scope of 
Piloted Simulation" (see figs. 35-38). The horizontal and vertical accelera- 
tion profiles indicated in figure 35 are shown in detail in figures 98 and 99 
respectively. These profiles were integrated twice, first to find the veloc- 
ities and then the positions. The resulting equations are given in table 34. 

Notet A ~t B = t E -t F = t c 
Time to initial hover, t 



Figure 98.- Horizontal acceleration profile. 


Time to initial hover, t 


Figure 99.- Vertical acceleration profile 



TABLE 34.- APPROACH PATH EQUATIONS 
(a) Parameter equations. 


< Parameter 

Curved approach 
(input quantities 

V XA’ y A’ h A> \ax' h H* V 

Straight approach 
(input quantities 

Y 4’ F Z * ^H* V 
max 


K- 

V XA tan y A 


h * 

max 

Input 

v x tan t 

max 

> 

ct- 

hq 

II 

K 

t 

h c 

max 

t B~ t c 

II 

~ [h A - h H + Kax {t C + 1 V*F + \ At F 2)] 

H + 


h 

H “ 

t A - *c 

max 


Input 

. *A 

h B - 2 

V • 

X 

max 

*2? 

Input 

>3 

H 

t c 

max 

6 

R B 

h (t C 2 + 3 V*B - V 1 
max 

6 

R A " 

i x + V 

max 

2 
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TABLE 34.- Concluded 
(b) Final equations. 


R > R. 


R A* R>R B 


r b > r> r c 


R c > R > 0 


0 > R i 


t = 


{t B + V 


V X t B 
max 


t = t. 


+ *c - 2 Vvc “'(H 1 ) 


' V X ( 6 Vc 2 - V> + & - R B )6t C 

max 

2j x ( 2 Vc )3/z 

max 


1 Vx 


t = 


r-6t jv/ 3 



t = -i 


^ = 0 


V X + *c - 4) 


XR 


V XR “ ^ 


^ 4 

y _ max 

XR 


v xr- q 


V XR =~ V X h 
max 


XR 


(t c - u B ) + 


(t - tg) (t - tg - 2t c ) 


y = y 


,(H 




-Vj, t 2 
max 
U n 


V XR-° 


t > 2t^ + Aig 

+ At_ > t > t„ + At_ t_ + At„ > t > t_ > t > 0 t < 0 

L> c 0 t L t C o 

o 

II 

0? 

:rs; 

?i h t 

h R = t c (2t C + At F - *> h R “ >W h R = t c h R = 0 

K " K = "WV + A V 

\ = '[*w( At F + 2 ) t ■■ ( t c\ 

s n M* ■ 

+ <* - *C - 4 V ( -‘ + 3t c + A vj 

j ~ R max t ' r 

k R m 2t c V° 

’ h H - WV + 1 W 

' + I i4 F 2) * ' n A t ' 

h R = h H + J ir {t c + 3i C A<: F + 3A V } 

+ i? (t - V A V [ " i2 + * (5t c +2A V 
- V + V 4 F- A Vl’ 

*F = h H 

+ V [ V + 3(*-V t] 

t 3 

7, , - TOZX 

= h H 

' 6t c 
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APPENDIX F — SIMULATOR MOTION DRIVE LOGIC 



NOMENCLATURE FOR APPENDIX F 


IC 

x,y,z 

A 

SD 

x,y,z 

"a 

r sd 

x,y,z 

A S 

x,y,z 

K 

x,y,z 

A 

TS 

x,y,z 

A 

FU 

iH > & 


initial conditions (IC) of simulator x, y, and z 

simulator x, y, and a commands (including IC) 

simulator drive accelerations used to calculate load factors 
along x, y, and z axes 

desired simulator x, y, and z (excluding IC) 

* • • 

desired simulator x, y, and z 

equivalent translational acceleration along x, y, and z axes 

simulator position (from cab or computer) along x, y, and z 
axes 


A 


x,y,z 


calculated earth-axes accelerations at the pilot station 
along x, y, and z axes (inputs to high-pass filter) 


CH 


x,y,z 


output of high-pass filter (multiplied by gains 
along x, y, and z axes 


K ) 

x,y,z 


A CN 

x,y,z 


gravitational accelerations due to cab residual tilt along 
x , y, and z axes 


A ML 

x,y,z 

A ML 

x,y,z 

A ,, r 
ML 

x,y,z 


A 


IC 


<t>, e.'f' 


SD 


<p,0,ip 


9 

A <p,d,ip 


limits of x, y, and z 

• • • 

limits of x, y, and z 

limits of x, y, and z 

initial conditions (IC) of simulator <fi , 0, and ij; 

simulator <j>, 6, and ip commands (including IC) 

desired simulator <j> , 0, and ip (excluding IC) 

calculated body-axes accelerations at pilot station for 
(p , 0, and ip rotations (input to high-pass filter) 


N, 


> 9 » ^ 


CN 




CL, 


,e 


CL 


< j >,0 


ML, 


A 


ML, 


,d,ip 


,e,\p 


9 


output of high-pass filter (multiplied by gains K ) 

for <p, 0, and \p rotations ' 

• • • 

cj> , 0, and \p of simulator cab from high-pass filter 
$ and 0 due to residual cab tilt 
<J> and 0 due to residual cab tilt 

limits of <j>, 0, and ip 

• • • 

limits of <j>, 0, and rp 

acceleration due to gravity 


K 


x,y,s 


K 


'LL 


x,y 


K 


x,y,z 


washout gains for x, y, and a axes 

low-frequency gains, residual tilt for x and y axes 

gains for modifying calculated gravitational acceleration 
components corresponding to residual tilt for x, y, and z 
axes 


K N 

x,y,z 


gains for modifying contribution of gravitational accelera- 
tions to required simulator translational accelerations 
for x, y, and z axes 


K, . . washout gains for <j> , 0, and \p rotations 

<P > o » V 

TM . . transformation between cab-fixed axes and earth-fixed axes 

(i,j = 1,2,3) 

x, y, z cab position relative to earth-fixed axes; also used to 

designate translational axes 




H . . . 

xi ,yz 

(£ = 1 , 2 ) 




<J>i , Qi , \pi 

(£ = 1 , 2 ) 


? D 

x,y,z 


n 


C 

x,y 


CLL. 


x,y 


high-pass washout filter damping factors for x, y, and z axes 

high-pass washout filter damping factors for cj> , 0, and \p 
rotations 

long-term filter damping factors for x , y, and z axes 
load factors along x and y axes 

load factor contributions produced by residual tilt 
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Hu • • 

a = i,2) 
(i = 1,2) 

x,y,s 

W L 

x,y 

E <t>,o,<l> 


high-pass washout filter undamped frequencies for ar, y, and 
s axes 

high-pass washout filter undamped frequencies for <j>, 0, and 
ip rotations 

long-term filter undamped frequencies for a:, y, and a axes 
factors used in residual tilt calculations 


• • • 

gains multiplying contribution to required <f>, 0, and \p of 
error between cab position and required residual tilt 

Euler angles used to orient cab relative to earth-fixed axes 
Euler angle sequence is 0, ip , and <p. Also used to 
designate roll, pitch, and yaw rotations 


<f>, 6, 4 > 


The motion drive logic is designed to convert the calculated motion of 
the simulated aircraft into drive signals that move the simulator cab , within 
its physical limits, so that the combined effects of cab acceleration and 
gravity subject the pilot to forces that are the best approximation to those he 
would experience flying the real aircraft. The "best approximation" is that 
which gives the best representation of those forces that provide the pilot 
with motion cues and that therefore can influence his control of the aircraft. 

The motion drive logic is shown in figures 100 and 101. The inputs are 
the calculated accelerations at the pilot station and and the 

actual position of the simulator cab ( Apr] ) • The output is the required 

x,y,z 

cab position (Aq n , Aar) ). As shown in figures 100 and 101, the cal- 

<p , Q ftp 

culated aircraft accelerations at the pilot station are passed through fourth- 
order washout filters, which strongly attenuate the low-frequency components 
while they allow the high-frequency components to pass virtually unchanged. 

If the low-frequency components of acceleration were passed unattenuated to 
the simulator drive system, they would quickly cause the cab to move to its 
position limits. To recover the motion cues associated with the low-frequency 
translational accelerations, the cab is rotated (residual tilt) so that 
gravity provides components of force, acting on the pilot, roughly equivalent 
to the calculated low-frequency translational inertial forces. This residual 
tilt technique can be used only for force compensation in the horizontal plane 
and must be accomplished at cab rotational accelerations sufficiently low to 
be undetectable to the pilot. The residual tilt is calculated as shown in 
figure 101, and its degree is controlled through parameters c or and K-LLt, 
(k=x,y). k k 

The cab rotational commands, Aqr, (i = <p,d,ip), from the motion drive 

% 

logic, contain some high-frequency components that, if uncompensated, would 
produce false translational motion cues, through the effects of gravity. 

These spurious motion cues are removed by cab translational accelerations so 
that the corresponding inertial forces cancel the unwanted high-frequency 
gravitational forces, but not the low-frequency (residual tilt) gravitational 
forces. This type of compensation is produced in computations such as shown 
at the top of figure 100, and its degree is controlled by parameters K 0 . and 

% . («7 = *,y,z) • 3 

3 

The signals resulting from the calculations described above may still 
contain some residual low-frequency translational acceleration components. To 
ensure that these acceleration components do not cause excessive cab transla- 
tion, the translational velocities and positions derived from accelerations 
ATS • («/ = x >y> 3 ) are passed through second-order washout (high-pass) filters 

(fig. 100). 

Additional translational position limiting is provided to protect against 
inadvertently driving the simulator hard into its stops. For each transla- 
tional axis, calculations are performed which continually determine the travel 
remaining in the direction of motion of the cab. This distance, the drive 
acceleration limits, computation frame time, and computed cab velocity are 
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used to determine whether the cab must be given additional deceleration to 
avoid contact with the stops. Deceleration commands from this logic are con- 
tinued until both the commanded acceleration and velocity change sign. If 
this additional translation position-limiting logic becomes active during a 
simulation test, it will introduce spurious motion cues. 

In setting up the simulation, the parameters of the motion drive logic 
are adjusted until the motion cues feel subjectively correct for the type of 
aircraft simulated and the type of task to be flown. The motion drive logic 
parameters used for the simulation described here are given in table 35. 
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TABLE 35.- COEFFICIENT VALUES FOR S.Ol SIMULATOR MOTION DRIVE LOGIC 


Symbol 

Value 

Units 

“ff , 

XI X2 

0.4, 0.1 

rad/sec 

m B * U H 
2/1 2/2 

0.4, 0.1 

rad/sec 

m H ’ “H 
Sl 32 

0.4, 0.1 

rad/sec 

U) , 0) 

V V 

0.4, 0.4 

rad/sec 

"ei *02 

0.4, 0.4 

rad/ sec 

, , * V 

lj/l i/)2 

0.4, 0.4 

rad/sec 

Xl X2 

1.4, 1.4 


% ’ % 
2/1 2/2 

1.4, 1.4 


h * 0 

Sl 32 

1.4, 1.4 


V * C // A 

<t> 1 4*2 

1.4, 1.4 


H 0l’ H Q2 

1.4, 1.4 


V 6 v 

1.4, 1.4 


V V 

0.5, 0.5, 0.5 


V V ** 

0.5, 0.5, 0.5 


U L ’ U L 
x y 

2.0, 2.0 

rad/ sec 

^LL * 

X 2/ 

0.4, 1.0 


(Jj_ , 0)_ , (a 

D D D 

x y z 

0.3, 0.3, 0.3 

rad/sec 

’ ? D 

x y s 

0.707, 0.707, 0.707 


K N ' k n ’ k n 
x y z 

0, 1.0, 1.0 


K , K , K 
o o o 

x y s 

1.0, 1.0, 1.0 


/♦ fe 

4 /i / 

"ML * * ML 

x y z 

0.5, 0.5, 0.5 

rad/ sec 

1.71, 2.07, 1.68 

m/sec 2 

A ML ' A ML ’ 4 A/L 
X y 3 

2.59, 2.29, 2.13 

m/sec 

^A/L ’ ^A/L * ^Affi 
x y z 

2.44, 2.44, 2.44 

m 

a ml » a ml’ a ml, 

(f> 0 l(j 

1.2, 1.5, 2.8 

rad/ sec 

^A/L ’ A ML’ A ML. 
<J> 0 ip 

0.5326, 0.5326, 0.5326 

rad 
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